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There has been a great interest in seeking novel fluorophores with high 
capability of two-photon-excited photoluminescence (2PE-PL). This interest is 
prompted by two-photon-excited-fluorescence laser-scanning microscopy (2PLSM) 
where three-dimensional images of biological samples can be realized by scanning 
a tightly focused laser beam and recording 2PE-PL. The most commonly used 
fluorescent markers have one-photon excitation spectra in the 400-500 nm range, 
and moreover, the laser used to excite 2PE-PL lies in the 700-1000 nm (Infrared) 
range. In recent years, it has been recognized that there is another optimum 
wavelength window at ~1300 nm, whereby tissue scattering is so minimal that both 
high spatial resolution and great depth can be achieved, for deep-tissue imaging. To 
work towards this end, either fluorophores with one-photon excitation spectra 
maximized at ~ 650 nm and highly active two-photon excitation spectra peaked at 
~1300 nm, or fluorophores with one-photon absorption maxima at ~ 433 nm and 
efficient three-photon excitation spectra around 1300 nm, are desirable. Here, we 
present two novel star-shaped octupolar fluorophores for the latter. 
The principal objective of this dissertation is to investigate the nonlinear 
optical properties of two novel star-shaped octupolar isomers including three 
benzimidazole electron-accepting (A) branches and a triphenylamine electron-
donating (D) center, named p-ETBN and m-ETBN. The research topic contains 
three main aspects: two-photon absorption (2PA) and three-photon absorption 
(3PA), which are associated with the imaginary part of the third-order nonlinearity 
(χ(3)) and fifth-order nonlinearity (χ(5)) of the material, respectively; nonlinear 
refraction (NLR), which is associated with the real part of the third-order 
nonlinearity (χ(3)); and fluorescence decay lifetime. Our experimental results have 
! ii 
demonstrated that changing the relative positions of the donating center and 
acceptor substituents is a particularly useful strategy for significantly enhancing the 
multi-photon absorption (MPA) cross-sections in octupolar star-shaped molecules 
and shifting the linear absorption and emission maxima to longer wavelength. We 
also demonstrated that p-ETBN fluorophore has great potential for three-photon-
absorption-based deep-tissue imaging at the window around 1300nm.  
Both linear (absorption, fluorescence and solvatochromic shift) and 
nonlinear (open and closed aperture z-scan, upconversion photoluminescence, time 
correlated single photon counting (TCSPC), pump-probe) techniques are described 
and utilized to entirely characterize the spectroscopic properties of two octupolar 
fluorophores dissolved in Tetrahydrofuran (THF) solution in room temperature 
(RT). Two ultrafast femtosecond lasers (COHERENT and Tsunami) are used to 
study the nonlinear optical properties. MPA cross-section spectra are then modeled 
and interpreted using the sum-over-essential-states (SOS) approach, considering a 
simplified two-energy-level diagram with a change of permanent dipole moment 
(dipolar contribution only), to understand the origins of the nonlinearities as well as 
the correlations with their unique molecular structural features.  
Firstly, MPA study of fluorophores is focused on the molecular 
configuration-property relationships as the following: (1) two-photon absorption 
(2PA) action cross section spectra from 680nm to 910nm; (2) three-photon 
absorption (3PA) action cross section spectra from 1000nm to 1250nm; (3) 2PA 
cross section measured at 800nm; and (4) 3PA cross section measured at 1200nm 
and 1110nm. The maximum values of 3PA action cross section are 
(1.2±0.4)×10-80cm6s2photon-2 at 1200nm in p-ETBN and (0.6±0.2)×10-80 
cm6s2photon-2 at 1110nm in m-ETBN. The highest 2PA cross-section (260±50) 
! iii 
GM is obtained in p-ETBN with 800nm excitation. These studies further 
advance our understanding towards an ultimate goal to a predictive capability 
for MPA properties of octupolar molecules.  
Next, NLR study on molecules is focused on the excitation wavelength at 
740nm, 800nm, 840nm, 1110nm, 1200nm, 1550nm and 2000nm, respectively. 
Both positive and negative nonlinear refraction index are obtained and our 
results indicate that negative nonlinear refraction results from the optical linear 
absorption of solvent. The absolute values of the nonlinear refractive index n2 
determined are in the order between 10-6cm2/GW and 10-7cm2/GW. During 
our experiments, we also find that the measured n2 values are independent of 
the irradiance, which confirms that all of the solutions indeed exhibit third-
order refractive nonlinearity below 250GW/cm2. These studies serve as a 
precursor for future NLR investigations. 
Finally,! mono-exponential fluorescence lifetimes are experimentally 
measured from femtosecond pump-probe technique at 800nm as well as TCSPC at 
400nm for one-photon excitation and 800nm for 2PA. Besides, the fluorescence 
lifetimes are also theoretically calculated by Strickler-Berg’s equation, based on the 
normalized absorption and fluorescence spectra. Both experimental results agree 
reasonably well with each other and are verified by the theoretical analysis. The 
fluorescence decay lifetimes are a few nanoseconds, which consistent with the 
previous fluorescence lifetimes in organic dyes.!Based on the fluorescence emission 
spectra and mono-exponential decay constants, it can be concluded that the 
transition mechanisms for fluorescence emission and decay under one- and multi-
photon excitation are nearly identical. 
! iv 
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1.1 Introduction to Nonlinear Optics 
During the long history of optics, and until recently actually, it had 
been considered that all optical media were linear.! The invention of the first 
laser in 1960 empowered people to investigate the behavior of light through 
optical media at relatively higher intensities than previously possible. 
Nonlinear optics (NLO) is one of branches of modern optics, which 
studies about the behavior of intense light in media and its impact on the 
optical responses of media. The impact, which is called as nonlinear optical 
phenomena, manifests itself in the correction in optical properties of materials 
in the existence of intense light. Typically, only laser beam is sufficiently 
considerable to trigger such a modification. The beginning of the field of 
nonlinear optics is often taken to be the discovery of second-harmonic 
generation (SHG) by Franken et al. (1961) [1.1], shortly after the 
demonstration of the first working laser by Maiman in 1960.!Nonlinear optical 
phenomena are “nonlinear” in the sense that they occur when the response of a 
material system to an applied optical field depends sufficiently in a nonlinear 
manner on the strength of the optical field, which can be measured as the light 
intensity or irradiance [1.2]. 
Nonlinear optical effects have been systematically investigated and 
exploited in order to achieve the realization of commercial optical devices 
since its inception over 50 years ago. In order to describe this optical 




dielectric medium [1.3]. When an electric field is applied to a dielectric 
medium (of neutral electric charge), a separation of bound charges is induced 
as illustrated in Figure 1.1.1. This separation of charge results in a collection 
of induced dipole moments ( !µ ), which, as designated, may be rapidly 
oscillating if the applied field is such. The electric polarization (
!
P ) is defined 
as the net average dipole moment per unit volume and is given by 
!
P = N !µ , 
where N is the number of microscopic dipoles per unit volume, and the 
angular bracket indicates an ensemble average over all of the dipoles in the 
medium. 
Figure 1.1.1 Electric field interactions with an atom under the classical 
dielectric model. 
In linear systems, the induced polarization is proportional to the applied 
electric field, which usually can be described by the relationship [1.3, 1.4] 
!
P(t) = ε0χ (1)
!
E(t)    (1.1.1) 
where the constant of proportionality χ (1)  is known as the linear susceptibility 
and ε0 is the permittivity in free space. However, when the intensity of the 
light propagating through the material increased, 
!
P(t)  is no longer 
proportional to 
!




optics, the optical response can often be described by generalizing Eq. (1.1.1) 
by expressing the polarization 
!
P as a power series in the field strength !E(t) as 
[1.3, 1.4] 
!
P(t) = ε0 χ (1) •
!
E(t)+ χ (2) • !E(t) !E(t)+ χ (3) • !E(t) !E(t) !E(t)+"!" #$
=
!
P(1)(t)+ !P(2)(t)+ !P(3)(t)+"      
(1.1.2) 
The quantities χ(2) and χ(3) are known as the second- and third-order 
nonlinear optical susceptibilities, respectively. Due to the vector nature of the 
fields, χ(1) is a second-rank tensor, χ(2) is a third-rank tensor, and χ(3) is a 
fourth-rank tensor, and so on. Here the linear absorption coefficient and linear 
refractive index are determined by χ(1) only. The second order susceptibility χ(2) 
is related to second order nonlinearity of the material which is associated with 
physical phenomena including second harmonic generation (SHG), sum- or 
difference-frequency generation (SFG or DFG), optical rectification and 
electro-optic effects [1.5].  
In order to acquire a better understanding of nonlinear optical 
properties, we start from Maxwell’s equations, which is one of the important 
supports for modern physics. Maxwell’s equations for the light-matter 





















   
(1.1.3) 
For dielectric materials, the density of free charge ρ=0, and the field 
induced current 
!








H . However, we consider the material to be optical 











where in general case, the polarization vector
!
P depends nonlinearly on the 
local value of the electric field strength and is given by Eq. (1.1.2). 
















where c = µ0ε0 is the speed of light in vacuum; µ0 is the vacuum permeability; 
!
P(NL ) is the nonlinear polarization of the material. 
Here, we neglect the nature of vector for giving a simple algebra 
formula. In centrosymmetric media, since liquids, gases, amorphous solids 
(such as glass), and even many crystals display inversion symmetry, χ(2) 
vanishes identically and consequently, such materials cannot produce second-
order nonlinear optical interactions! and the third-order nonlinear optical 
interactions become the lowest order nonlinear term[1.4]. If we ignore all 
higher order nonlinear susceptibilities, the polarization in centrosymmetric 
media can then be expressed asP = ε0 (χ (1)E + χ (3)E3) . Furthermore, if we 
suppose the light propagating in the z-direction, the optical electric field can 
be expressed as E = E0ei(kz•z−wt ) . After substituting above expressions for 












where the wave vector kz =
w• !n
c , while the complex refractive index 




the attenuation coefficient of the propagating light beam as α = 2•w•κ / c . 
Here we also rewrite the expression for χ(1) and χ(3) in the complex form as 
χ (1) = Re χ (1) + i Im χ (1) and χ (3) = Re χ (3) + i Im χ (3) , respectively.  
1.2  The Irradiance Dependent Third-Order Nonlinearity of the Material 
The third-order polarization of optical material can be written as [1.3] 
Pi(3)(w) =
δ(w−w1 −w2 −w3)χ ijkl(3)(−w;w1,w2,w3)×










The dummy indices i, j, k and l, corresponding to Cartesian axes x, y, and z, 
denote that the complex χ ijkl
(3)  is a fourth rank tensor as we have discussed 
before. Generally speaking, relying upon the various combination of input 
frequencies, P(3) can drive different physical phenomena [1.3, 1.5]: 
1. 3ω1 etc. corresponds to third harmonic generation (THG) related 
with χ ijkl
(3)(−3w1;w1,w1,w1) , etc. 
2. χ ijkl
(3)(−w1;w1,w1,−w1)  etc. corresponds to degenerate two-photon 
absorption (D-2PA) and nonlinear refraction (D-NLR); while 
χ ijkl
(3)(−w1;w1,w2,−w2 )  etc. is responsible for non-degenerate two-photon 
absorption (ND-2PA) and nonlinear refraction (ND-NLR). Both processes are 
irradiance dependent, which are phase matched automatically.  
3. χ ijkl
(3)(−2w1 +w2;w1,w1,−w2 ) , etc. is related with stimulated Raman 
scattering (SRS) or coherent anti-Stokes Raman scattering (CARS). 
Let us think about one element χ xxxx
(3)  only with electric field polarized 
in the x direction in the single frequency, w1 (single Eigen-mode input). We 








where E represents the complex amplitude of the electric field. The Fourier 
transform pair of Eq. (1.2.2) can be written as: 
E(w) = E(t)e−iwt dt = 12 E(w1)δ(w−w1)−∞
∞




In the same way, the polarization of the material with single frequency 
w’ can be written as 
P(3)(t) = 12 P
(3)(w ')e−iw 't + c.c
P(3)(w) = 12 P
(3)(w ')δ(w−w ')+ c.c
  
(1.2.4) 












(3) (−w1;w1,w1 −w1)  can be expressed as 
χˆ xxxx
(3) (−w1;w1,w1 −w1) =
χ xxxx
(3) (−w1;w1,w1,−w1)+ χ xxxx(3) −w1;w1,−w1,w1( )+ χ xxxx(3) (−w1;−w1,w1,w1)  
(1.2.6) 
which indicates that it is the summation of three possible χ(3) processes. Only 
under Kleinman symmetry condition (i.e. w1 is far away from resonance 
frequency) do these three χ(3) equal to each other. 
For explaining how P (3) is coupled into the wave propagation, here we 
suppose the plane wave input with propagation in the z direction. Eq. (1.1.4) 









∂t2 E = µ0
∂2
∂t2 P
(3)    (1.2.7) 
Under continuous wave (CW) and plane wave input, E and P (3) can be 
expressed as 
Ex (z, t) =
1
2 E0 (z)e




(3)(z)ei(kpz−w1t ) + c.c
  
(1.2.8) 
where k1 and kp are the wave vector of the incident electric field and induced 
material polarization respectively. Applying Equation (1.2.8) into Equation 





∂z ) = −w
2µ0P0eiΔkz






k1 . If the electric field doesn’t change dramatically within 
several wavelengths of propagation, the slowly varying envelope 




∂z . By 





(3) )+ i Im(χˆ xxxx(3) )"# $% E0
2 E0    (1.2.10) 
where the complex χ(3) is explicitly expressed by its real and imaginary parts. 
We remark that Δ
!
k = 0  means the phase is automatically matched during this 
process. Since E0 is complex amplitude containing phase information, it can 
be expressed by 
E0 (z) = A(z)eiΦ(z)   (1.2.11) 
After applying Equation 1.2.11, Equation 1.2.10 can be divided into 
















In this case, we assume that the input is a plane wave; and the material is thin 
enough with respect to the linear and nonlinear beam propagations (i.e. no 
self-action for input wave). 
Taking into consideration the irradiance of the incident light field as  
I(z) = 12 cnε0A(z)
2   (1.2.13) 




   
(1.2.14) 
where α2 is called as the degenerate two-photon absorption (D-2PA) 





   
(1.2.15) 
The second one of Equation 1.2.12 demonstrates the extra phase shift 
of the propagating beam is modulated by the irradiance of the input field and 
related to the real part of χ (3). The nonlinear refractive index n2 is then defined 
as 
dΦ
dz = k0Δn = k0n2I(z)    (1.2.16) 




Re(χˆ xxxx(3) (−w1;w1,w1,−w1))     (1.2.17) 




The nonlinear refraction (NLR) [1.4] is a phenomenon connected with 
the change in the value or spatial distribution of material refractive index 
because of the presence of a high external electromagnetic field. This is the so-
called optical Kerr effect, where an optical field is the driving field, and it is 
distinct from the electro-optic Kerr effect motivated by applied external 
electric field in low frequency [1.3]. The first observation of nonlinear 
refraction is possibly the self-focusing effect witnessed soon after the 
invention of Ruby laser [1.6,1.7]. As described in Section 1.2, nonlinear 
refraction modifies the phase of the incident light beam, while nonlinear 
absorption alters the amplitude of the incident light beam. By contrast with 
2PA process, NLR is connected to the real part of χ(3), and only influences the 
phase of light propagating through the material without absorption necessarily 
taking place.  
Although the real nonlinear refraction only modifies the phase of the 
light propagating through nonlinear media without any energy attenuation, 
different physical phenomena, for example, soliton generation, self-focusing 
or defocusing, four-wave mixing, etc, are indeed interrelated to nonlinear 
refractive index of the media. In contrast to 2PA, where the root is mainly 
electronic transition among the discrete energy states, the physical 
mechanisms of nonlinear refraction are much more complex, mixed with the 
nuclear responses and electronic contributions [1.3,1.4]. Due to the large mass 
mismatch between nuclei and electron, they own totally different response 
time; i.e. sub-fs response time in electron vs. at least 100 fs in nuclei. 
Therefore, the nonlinear refraction of the media manifests a great relationship 




the nonlinear refraction in the material is mainly electronic. Furthermore, with 
the incident pulse width increasing, the contribution from nuclei kicks in and 
weighs higher, which might finally control over the whole nonlinear response 
of the media [1.8]. 
The pump light intensity dependent refractive index of a material can 
be written as [1.3, 1.4] 
n = n0 +Δn(I ) = n0 + n2I    (1.3.1) 
where n is the total refractive index, n0 is the linear refractive index, Δn(I ) is 
the pump light intensity dependent nonlinear refractive index and n2 is the 
nonlinear refractive index. If the sign of n2 is positive, it is a self-focusing 
material (Figure 1.3.1). If the sign of n2 is negative, it is a self-defocusing 
material. 
Figure 1.3.1 Self-focusing of Light [1.4]. 
For a medium where the refractive index increases with excitation input 
intensity, when an intense laser beam travels through this medium, the 
transverse irradiance profile induces a refractive index gradient of the medium 
acting as a positive-focal-length lens, causing the laser beam to focus inside 
the medium by itself. Nonlinear refraction is also one of the important 
mechanisms of soliton generation [1.9] and white-light continuum (WLC) 
generation [1.10], etc. One important practical application of NLR is ultrafast 
all-optical switching (AOS), where a material with high nonlinear refractive 




1.4 Multi-photon Absorption 
Two-photon absorption (2PA) is a third-order nonlinear optical process 
involving simultaneous absorption of two low-energy photons to reach the 
high-energy excited state [1.13]. Similarly, three-photon absorption (3PA) is a 
fifth-order nonlinear optical process where three photons are simultaneously 
absorbed through two virtual states. D-2PA coefficient of the material is 
connected with the imaginary part of χ(3), which has been determined in 
Equation 1.2.15. In this chapter, 2PA and 3PA cross-section spectra are 
interpreted and modeled by using the sum-over-essential-states (SOS) 
approach [1.14, 1.15].  
To begin with, a short review about nonlinear absorption will be 
offered here. The first idea of 2PA was cultivated by Albert Einstein in his 
famous Nobel prize paper of 1905 year in Ann Physik [1.16]. This was based 
on the simultaneous absorption of two lower-energy photons to excite to a 
higher energy level at the summation of the two-photon energies (see Figure 
1.4.1(a)). After that, in 1931, Maria Goeppert-Mayer published the quantum 
mechanical equations of two-photon absorption in a molecular or an atomic 
system by using second-order quantum perturbation theory, which had been 
developed in her doctorate thesis [1.17]. After the following 30 years, pump 
lasers were strong enough to reach ~1032 photons/cm2/s to investigate 2PA in 
experiment [1.18-1.20], where a photon density of ~1032 photons/(cm2• s) is 
necessary for a molecule with ~10-16 cross-section to absorb two photons 
during Heisenberg uncertainly principle time of ~10-16 sec. In 1961, Kaiser 
and Garrett first observed the two-photon absorption induced upconversion 




development of intense lasers, not only 2PA but also multi-photon absorption 
(MPA) has been investigated in a large variety of media. Especially in the last 
two decades, nonlinear absorption in crystal, semiconductor bulk material, 
organic molecule, and semiconductor- and metal-nano material has been 
mostly studied both theoretically and experimentally. 
Figure 1.4.1 Schematic diagrams show two-photon absorption (a) and three-
photon absorption (b) in a two-energy-level system [1.4]. 
MPA is a consequence of the nonlinear behavior in the light-matter 
interaction. To simulate the bound electronic nonlinearity of the media, there 
exist two common used methods: one is the classical anharmonic oscillator 
model, and another one is the “sum-over-states” model based on quantum 
mechanical perturbation theory [1.22,1.23]. The anharmonic oscillator model 
regards the electron being bound to the nuclei via a “spring” parabolic 
potential, perturbed by a small anharmonicity with the existence of an intense 
incident external electric field [1.3]. The oscillator resonant frequency, which 
corresponds to the transition frequency in a molecular system, is therefore 
determined by the electron mass and the “spring” constant. This method offers 
an intuitive insight of the material nonlinearity rather than the necessity of 
involving transition dipole moments and wave functions. However, this 




frequencies corresponding to x, y and z coordinates, which is generally not 
physical in practice. Thus, a quantum theoretical model widely employed and 
considered to describe MPA is the semi-classical time-dependent perturbation 
theory (TDPT), also known as the “Sum-Over-Essential-States” (SOS) model 
[1.22,1.23]. In this model, the probability of the electronic transition to occur 
via two-photon absorption (2PA) is evaluated using the second-order 
transition matrix elements and three-photon absorption (3PA) cross-section 
can be evaluated via third-order transition matrix elements. For example, 
according to this theory, 2PA cross-section is!governed by different channels 
that depend basically on the transition dipole moments from ground to excited 
state (
!
µ0→1 ), between excited states (
!
µ1→2 ) and the permanent dipole moment 
change (Δ !µ ). These parameters are strongly influenced by the surrounding 
solvent, and consequently, solvent effects indeed contribute a lot to 2PA of 
organic materials [1.24, 1.25]. 
Specially, based on the second-order perturbation theory, two-and 
three-photon generation probability of electron-hole pair in a system can be 
expressed as [1.26]: 






δ Ev1 −Ev0 − 2!w( ),
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where v0, v1, and v2(v3) denote sets of quantum numbers for initial, final, and 











P ψn . 
The above detailed fundamental multi-photon absorption theory can be 
used to any systems. However, it is still significant to explore MPA properties 
and their relationship to material structures in light of the unique wave 
functions and energy levels of the systems.  
We have determined D-2PA coefficient in Section 1.2. D-2PA 
coefficient α2 is a macroscopic parameter describing the material. More often, 
there is much interest in the individual molecule’s or nanoparticle’s 2PA 
property described by 2PA cross-section σ 2 [1.3,1.4]. In the frequency-
degenerate case, the relation between α2 and σ 2 is given by 
σ 2 =
!wα2
N   (1.4.3) 
where N is the number density of the molecules or nanoparticles in the system 
and !w  is the energy of photons of the excitation light.  
Similarly, in 3PA process, the attenuation of the incident light is 
described by [1.3,1.4] 
dI
dz = −α3I
3   (1.4.4) 
And 3PA cross-section σ 3 is determined by 
σ 3 =
(!w)2α3




The selection rules for 2PA are entirely different from one- or (three-) 
photon absorption, which relies on the first-order susceptibility. Based on 
quantum mechanical theory [1.27], one photon brings one unit of angular 
momentum. So an electron in a ground s-state can be excited to a higher p-
state only. This indicates the total angular momentum of the electron can only 
be changed +1 or -1 by absorbing one photon. When the electron absorbs two 
photons simultaneously, the electron will change the total angular momentum 
by +2, 0, or -2. This allows an s-state electron to transit to anther s-state or to a 
d-state, as schematically shown in Figure 1.4.2. 
Figure 1.4.2 Schematic diagram of the angular momentum conservation. 
Honestly, it is a troublesome task to calculate nonlinear susceptibility 
accurately due to the fact that SOS model contains all possible transitions 
between the ground state and different excited states. Therefore, it is necessary 
to provide an approximation to simplify SOS model to conceptually establish 
the spectral dispersion behavior of nonlinear susceptibility. In general, many 
molecules do not present an inversion center due to their large number of 
repetitive units and, accordingly, the initial and final states have a static dipole 
moment. These non-centrosymmetric molecules do not follow the dipole-




different parity levels, independent of the number of photons required and, 
therefore, one- (or three-) and two-photon transitions are allowed between any 
electronic states. In this case, we can illustrate 2PA and 3PA spectrum as 
consisting of two mainly contributions. It is the so-called three-level model or 
a simplified SOS model [1.29,1.30]. The first one (dipolar contribution) 
corresponds to an electronic transition from ground state to the lowest-energy 
MPA allowed state (two-energy level diagram, 0 → 1 ) [1.30], while the 
second one, used to model the higher energy states ( 0 → f ), uses a three-
energy level diagram with one real intermediate energy level ( 1 ) [1.29].  
However, during our experiment and in this thesis, 2PA and 3PA cross-
section are governed only by one channel nonlinear transition in a two-level 
system with a change of permanent dipole moment (purely one-photon nature), 
which means no obvious contributions from resonance enhancement and 
interference [1.31,1.32]. This can be inferred from our action cross-section 
spectra as well as the fluorescence intensity and Fluence dependence figures. 
Accordingly, our experimental results can be simply modeled by considering 
dipolar contribution only.  




For the dipolar contribution (two-level system, shown in Figure 1.4.3), 
taking into account the average over all possible molecular orientations in an 
isotropic medium and assuming linearly polarized light and that the dipole 
moments are parallel, 2PA cross-section can be written as [1.31, 1.32]: 
σ g→ f








2 g01(2w)     (1.4.6) 
where Δ
!
µ01 is the difference between the permanent dipole moment vectors of 
the excited ( !µ11 ) and ground (
!
µ00 ) states, which can be determined by 
experimental methods and will be discussed in Chapter 2.  !µgf (
!
µ01)  is the 
transition dipole moment from the ground g to the excited state ( f ) , which 











ggfmax     
(1.4.7) 
where εmax is the maximum molar absorptivity, NA is the Avogrado’s number, 




2 represents the maximum value of the normalized line 
width function (assuming Gaussian line-shape) with Γgf being the damping 
constant describing full width at half-maximum (FHWM) of the final state line 
width, which can be obtained from linear absorption spectrum. 
!L = 3n02 / (2n02 +1)  is the Onsager local field factor introduced to take into 
account the medium effect [1.33] and n0 is the linear refractive index. 
gg→ f (2w)  represents the line-shape of the excited state, here assumed to be a 



















     (1.4.8) 
Similarly, 3PA cross-section can be written as (assuming linearly 
polarized light) [1.34]: 
σ g→ f














2g01(3w)    (1.4.9) 
The parameters’ units adopted in this thesis are shown in Table 1.1. 
Table 1.1 Parameters Units 
Parameter Units 
I00 GW/cm2 
β α2( )  cm/GW 
γ α3( )  cm
3/GW2 
σ 2  GM  (1GM=10
-50 cm4 s photon-1) 
σ 3  cm
6 s2 photon-2 
n2 cm2/GW 
1.5 Characteristics of Fluorescence Emission 
 
Molecules can be excited from the ground state to the different excited 
states via both linear and nonlinear absorption. This chapter will sketch the 
characteristics of the fluorescence emission of an excited molecule in solution 
[1.35]. 
The Perrin-Jablonski diagram (Figure 1.5.1) is more suitable for 
conceiving in a simple way the possible processes: photon absorption, internal 
conversion, fluorescence, intersystem crossing, phosphorescence, delayed 
fluorescence and triplet-triplet transitions. The singlet electronic states are 
denoted as S0 (fundamental electronic state), S1, S2, . . . and the triplet states as, 




Figure 1.5.1 Perrin-Jablonski diagram and characteristic times [1.35]. 
In Figure 1.5.1, the vertical arrows indicate the absorptions start from 
the 0 (lowest) vibrational energy level of S0 since the majority of molecules 
are in this energy level at RT [1.35]. Absorption of a photon can excite a 
molecule to one of the potential vibrational levels of S1, S2,…. The successive 
possible de-excitation processes will be detailed in the following parts. 
1.5.1 Internal conversion 
Internal conversion is a non-radiative transition between two electronic 
states of the same spin multiplicity. In solution, this process is followed by a 
vibrational relaxation towards the lowest vibrational level of the final 
electronic state. The surplus vibrational energy can be transferred to the 
solvent during collisions of the excited molecule with the surrounding solvent 
molecules. Besides, internal conversion from S1 to S0 is still possible but is 
less efficient than conversion from S2 to S1 due to the much larger energy gap 





Emission of photons accompanying the S1→ S0  relaxation is called 
fluorescence. It has been highlighted by Kasha’s rule that fluorescence 
emission does occur from S1 and thus its characteristics (except polarization) 
do not depend upon the excitation wavelength [1.36,1.37]. As usual, the 
fluorescence spectrum is located at lower energy (higher wavelength) than the 
absorption spectrum due to the energy loss in the excited state because of 
vibrational relaxation process (Figure 1.5.1). According to Stokes rule [1.38], 
the wavelength of fluorescence should always be larger than that of absorption. 
Besides, in most situations, the fluorescence spectrum usually partly overlaps 
with the absorption spectrum (Figure 1.5.2). Generally, the energy differences 
between the vibrational levels are similar in the ground and excited states; as a 
result, the fluorescence spectrum often resembles the first absorption band 
(‘mirror image’ rule). The gap between the maximum of the first absorption 
and the maximum of fluorescence band is called Stokes shift [1.39]. 
Figure 1.5.2 Absorption and fluorescence spectrum. 
Another significant molecular parameter extracted from fluorescence 
measurement is the fluorescence quantum yield (η ), which is defined as the 
ratio of photons absorbed to photons emitted through fluorescence [1.35,1.40]. 




excited state decaying through fluorescence rather than non-radiative 
mechanism. The fluorescence quantum yield can be usually experimental 
measured by comparing the fluorescence intensity from the new sample 
against a reference molecule with known η . What’s more, from the 
normalized absorption and fluorescence spectra and quantum yield 
measurements, the fluorescence lifetimes (τ F ) can be estimated by Strickler-
Berg’s equation in CGS units [1.41]. 

















  (1.5.1) 
where τ N (s) is the natural lifetime (the lifetime in the absence of any non-
radiative processes), n0 is the linear refractive index of the solvent, ε max (cm-
1M-1) is the molar absorbance at the peak of the absorption band, and F (ν) and 
ε(ν) are the normalized fluorescence and absorption spectra of the 
corresponding band with respect to photon frequency in wavenumbers (cm-1). 
1.5.3 Intersystem crossing and subsequent processes 
A third possible de-excitation process from S1 is intersystem crossing 
toward the T1 triplet state followed by other processes [1.35]. 
Intersystem crossing: a non-radiative transition between two 
isoenergetic vibrational levels belonging to electronic states of different 
multiplicities. An excited molecule in the zero vibrational level in S1 state can 
remove to the isoenergetic vibrational level of the Tn triplet state; next 
vibrational relaxation takes it to the lowest vibrational level of T1. Although 




orbit coupling between the orbital magnetic moment and the spin magnetic 
moment can be strong enough to make it happen [1.35]. 
Phosphorescence versus non-radiative de-excitation: In solution at 
RT, non-radiative de-excitation from the triplet state T1 is predominant over 
radiative de-excitation called phosphorescence. As a matter of fact, the 
transition T1→ S0 is forbidden either (but it can be observed due to the spin-
orbit coupling), and the radiative rate constant is thus very low [1.35]. 
Thermally activated delayed fluorescence:! Reverse intersystem 
crossing T1→ S1 can occur when the energy difference between S1 and T1 is 
small enough and when the lifetime of T1 is long. This results in the emission 
with the same spectral distribution as normal fluorescence but a much longer 
decay time constant since the molecules should stay in the triplet state before 
emitting from S1. This fluorescence emission is thermally activated; therefore, 
the efficiency rises with the increasing temperature [1.35]. 
Triplet-triplet transitions: Once a molecule has been excited and 
arrives in triplet state T1, it can still absorb another photon at a different 
wavelength since triplet-triplet transitions are spin allowed [1.35]. 
Specifically, if we consider excitation (one- and multi-photon 
absorption) and fluorescence only, which are the same mechanisms in this 
dissertation, Jablonski diagram can be shown in Figure 1.5.3. Figure 1.5.3 
describes Jablonski diagram of one- and two-photon excitation, which occurs 
as fluorophores are excited from the electronic ground state to the first 
electronic excited state. One-photon excitation happens via the absorption of a 
single photon. Two-photon excitation occurs through the absorption of two 




excitation processes, the fluorophore relaxes to the lowest energy level of the 
first electronic excited state via vibrational relaxation process. The following 
fluorescence emission processes for both relaxation modes are the same. 
Figure 1.5.3 Jablonski diagram of one-photon and two-photon excitation 
[1.35]. 
1.6 Two Optimum Wavelength Windows 
There has been a great interest in seeking novel fluorophores with high 
capability of two-photon-excited photoluminescence (2PE-PL). This interest is 
prompted by two-photon-excited-fluorescence laser-scanning microscopy 
(2PLSM) where three-dimensional images of biological samples can be 
realized by scanning a tightly focused laser beam and recording 2PE-PL. The 
most commonly used fluorophores have one-photon excitation spectra in the 
400-500 nm range, whereas the laser used to excite 2PE-PL lies in the 700-
1000 nm (infrared) range [1.42,1.43]. However, optical image acquisition 
through significant depths of biological tissue presents a major scientific 
challenge because tissue is extremely heterogeneous [1.42], and the strong 
scattering of the various tissue components has restricted high-resolution 




back-ground ratio (SBR) of the excitation in scattering biological tissue is the 
fundamental bottleneck on imaging depth for high-resolution 2PLSM 
[1.45,1.46]. This limitation motivated the scientific communities to explore 
more about higher-order nonlinear absorption processes via using longer 
excitation wavelengths to diminish the attenuation of the excitation light by 
tissue [1.46,1.47]. 
In recent years, C. Xu & F. W. Wise’s investigations (2013) [1.44,1.48] 
have shown that the optimum wavelength windows in terms of tissue 
penetration are near 1300nm and 1700 nm when both tissue scattering and 
absorption are considered, whereby tissue scattering is so minimal that both 
high spatial resolution and great depth can be achieved, for deep-tissue 
imaging [1.42,1.44,1.48]. Figure 1.6.1 displays the attenuation spectrum of a 
tissue model based on Mie scattering and water absorption, showing the 
absorption length of water (blue dashed line), the scattering length of mouse 
brain cortex (red dashed-dotted line), and the combined effective attenuation 
length (green solid line) [1.44]. In addition, since a longer excitation 
wavelength alone cannot overcome the depth limit imposed by SBR of 
2PLSM [1.44, 1.48], as well as the lack of fluorescent biological probes and 
good potential fluorescence detectors at the spectral excitation windows for 
two-photon excitation (2PE), three-photon excitation (3PE) in the optimum 





Figure 1.6.1 Wavelength-dependent attenuation length in brain tissue [1.44]. 
Although a wide variety of existing fluorescent proteins, dyes and 
calcium indicators [1.39,1.43,1.44] are promising potential candidates in this 
regard since they exhibit 3PE in 1,700 nm spectral window and emission in 
the orange and red region of the visible spectrum, a handful of reports are 
available on the multi-photon induced photoluminescence in 1300nm spectral 
window. To work towards this end, either fluorophores with one-photon 
excitation spectra maximized at ~ 650 nm and highly active two-photon 
excitation spectra peaked at ~1300 nm, or fluorophores with one-photon 
absorption maxima at ~433 nm and efficient three-photon excitation spectra 
around 1300 nm, are desirable. Here, we present two novel star-shaped 
octupolar fluorophores for the latter. 
1.7 Objectives and Scope 
Since multi-photon processes were predicted theoretically in 1931, and 
after the invention of laser in 1960, they have become beneficial in techniques 
for real optoelectronic and biological applications as well as conceptual 
predictions. Nowadays, the utilization of multi-photon absorption to produce 




Most recently, 2PA properties of octupolar molecules have drawn 
considerable attention owing to their structural symmetry and excellent optical 
and electronic properties. The purpose of this research is to study the nonlinear 
optical properties of two novel star-shaped octupolar molecules including 
three benzimidazole electron-accepting branches and a triphenylamine 
electron-donating center. The two molecules are tris(4-((4-(1-phenyl-1H-
benzo[d]imidazol-2-yl) phenyl)ethynyl)phenyl)amine and tris(4-((3-(1-phenyl-
1H-benzo[d]imidazol-2-yl)-phenyl)ethynyl)phenyl)amine. Hereinafter, they are 
denoted as p-ETBN and m-ETBN, respectively. Figure 1.7.1 shows their 
molecular structures and chemical formula. Meanwhile, we have examined the 
effects of positional isomerism. In this dissertation, we report two promising 
candidate materials exhibiting efficient three-photon induced blue 
luminescence at the window around 1300nm. Our results have been 
demonstrated that p-ETBN fluorophore has great potential for three-photon 
absorption-based deep-tissue blue imaging at biological optimum window of 
~1300nm. 
Figure 1.7.1 Molecular structures and chemical formula. 




i) Two and three-photon action cross-section spectra of two molecules 
dissolved in tetrahydrofuran (THF) were studied by using upconversion 
photoluminescence (PL) technique. The upconversion PL was adopted 
because it was not only a very simple method, but also a very accurate and 
sensitive technique for characterizing the quantities of the nonlinear excitation. 
Then, the cross-section spectra were interpreted using the simplest sum-over-
essential-states (SOS) approach, considering dipolar contribution only (two-
energy-level diagram).  
ii) To study the multi-photon absorption as well as nonlinear refraction, 
open aperture and closed aperture z-scan measurements were carried out at 
distinct excitation wavelength under femtosecond laser system operating with 
a low repetition rate (1kHz). Z-scan measurement provides a much easier and 
quicker determination of both the sign and magnitude of nonlinear refraction 
and nonlinear absorption. It is a sensitive technique with simple experiment 
set-up. The excitation wavelength varied from 740nm to 2000nm. 
iii) Fluorescence lifetimes from the solutions at RT were obtained using 
a femtosecond pump-probe technique as well as time correlated single photon 
counting (TCSPC) technique. These experimental results were in agreement 
with the theoretical predictions according to Strickler-Berg’s equation. TCSPC 
technique is a very sensitive technique working well with low-emission-yield 
materials. The pump-probe measurement, consisting of two laser beams of a 
weak probe and a strong pump respectively, is a well-known technique used to 
observe the photon dynamics in a nonlinear optical material. Our mono-




and single emission wavelength enable our fluorophores more suitable for 
practical applications. 
The dissertation is organized as follows: Chapter 1 gives an 
introduction about nonlinear optics, third-order nonlinearity, nonlinear 
refraction, multi-photon absorption, fluorescence emission and two optimum 
wavelength windows. Chapter 2 presents the synthesis and characterization of 
two molecules samples examined in our research. Chapter 3 describes the 
experimental techniques and operational principles that are employed to 
determine the nonlinear optical properties. Chapter 4 details the experimental 
measurements in samples, and the theoretical calculation using the sum-over-
essential-states (SOS) approach. Besides, we compare our results with other 
blue emission biological probes excited around 1300nm window in this 
chapter. The final chapter, Chapter 5, summarizes the important findings 




[1.1] Franken, P. A., Hill, A. E., Peters, C. W., & Weinreich, G. (1961). 
Generation of optical harmonics. Physical Review Letters, 7(4), 118-119. 
[1.2] Butcher, P. N., & Cotter, D. (1991). The elements of nonlinear optics. 
Cambridge University Press. 
[1.3] Sutherland, R. L. (2003). Handbook of nonlinear optics. CRC press. 
[1.4] Boyd, R. W. (2003). Nonlinear optics. Academic press. 
[1.5] Stegeman, G. I., & Stegeman, R. A. (2012). Nonlinear Optics: 
phenomena, materials and devices (Vol. 78). John Wiley & Sons. 
[1.6] Garmire, E., Chiao, R. Y., & Townes, C. H. (1966). Dynamics and 
characteristics of the self-trapping of intense light beams. Physical Review 




[1.7] Lallemand, P., & Bloembergen, N. (1965). Self-focusing of laser beams 
and stimulated Raman gain in liquids. Physical Review Letters, 15(26), 1010. 
[1.8] Shinkawa, K., & Ogusu, K. (2008). Pulse-width dependence of optical 
nonlinearities in As2Se3 chalcogenide glass in the picosecond-to-nanosecond 
region. Optics express, 16(22), 18230-18240. 
[1.9] Stegeman, G. I., & Segev, M. (1999). Optical spatial solitons and their 
interactions: universality and diversity. Science, 286(5444), 1518-1523. 
[1.10] Alfano, R. R., & Shapiro, S. L. (1970). Observation of self-phase 
modulation and small-scale filaments in crystals and glasses. Physical Review 
Letters, 24(11), 592. 
[1.11] Hales, J. M., Matichak, J., Barlow, S., Ohira, S., Yesudas, K., Brédas, J. 
L., ... & Marder, S. R. (2010). Design of polymethine dyes with large third-
order optical nonlinearities and loss figures of merit. Science, 327(5972), 
1485-1488. 
[1.12] Mizrahi, V., Saifi, M. A., Andrejco, M. J., DeLong, K. W., & Stegeman, 
G. I. (1989). Two-photon absorption as a limitation to all-optical switching. 
Optics letters, 14(20), 1140-1142. 
[1.13]  Rumi, M., & Perry, J. W. (2010). Two-photon absorption: an overview 
of measurements and principles. Advances in Optics and Photonics, 2(4), 451-
518. 
[1.14]  Ward, J. F. (1965). Calculation of nonlinear optical susceptibilities 
using diagrammatic perturbation theory. Reviews of Modern Physics, 37(1), 1. 
[1.15]  Orr, B. J., & Ward, J. F. (1971). Perturbation theory of the non-linear 
optical polarization of an isolated system. Molecular Physics, 20(3), 513-526. 
[1.16] Einstein, A. (1905). On a heuristic point of view about the creation and 
conversion of light. Annalen der Physik, 17, 132-148. 
[1.17] Göppert Mayer, M. (2009). Elementary processes with two quantum 
transitions. Annalen der Physik, 18(7-8), 466-479. 
[1.18] Franken, P. A., Hill, A. E., Peters, C. W., & Weinreich, G. (1961). 
Generation of optical harmonics. Physical Review Letters, 7(4), 118-119. 
[1.19] Savage, A., & Miller, R. C. (1962). Measurements of second harmonic 





[1.20] Maiman, T. H., Hoskins, R. H., d'Haenens, I. J., Asawa, C. K., & 
Evtuhov, V. (1961). Stimulated optical emission in fluorescent solids. II. 
Spectroscopy and stimulated emission in ruby. Physical Review, 123(4), 1151. 
[1.21] Kaiser, W., & Garrett, C.G.B. (1961). Two-photon excitation in 
CaF2:Eu2+. Physical Review Letters, 7, 229-231. 
[1.22] Szabo, A., & Ostlund, N. S. (2012). Modern quantum chemistry: 
introduction to advanced electronic structure theory. Courier Dover 
Publications. 
[1.23] Levine, I. N. (2009). Quantum chemistry (Vol.6). Upper Saddle River, 
NJ: Pearson Prentice Hall. 
[1.24] Wang, C. K., Zhao, K., Su, Y., Ren, Y., Zhao, X., & Luo, Y. (2003). 
Solvent effects on the electronic structure of a newly synthesized two-photon 
polymerization initiator. The Journal of chemical physics, 119(2), 1208-1213. 
[1.25] He, G. S., Tan, L. S., Zheng, Q., & Prasad, P. N. (2008). Multiphoton 
absorbing materials: molecular designs, characterizations, and applications. 
Chemical Reviews, 108(4), 1245-1330. 
[1.26] Hutchings, D. C., & Van Stryland, E. W. (1992). Nondegenerate two-
photon absorption in zinc blende semiconductors. JOSA B, 9(11), 2065-2074. 
[1.27] Peskin, M. E., & Schroeder, D. V. (1995). An introduction to quantum 
field theory. Westview. 
[1.28] Bonin, K. D., & McIlrath, T. J. (1984). Two-photon electric-dipole 
selection rules. JOSA B, 1(1), 52-55. 
[1.29] Kuzyk, M. G., & Dirk, C. W. (1990). Effects of centrosymmetry on the 
nonresonant electronic third-order nonlinear optical susceptibility. Physical 
Review A, 41(9), 5098. 
[1.30] Christodoulides, D. N., Khoo, I. C., Salamo, G. J., Stegeman, G. I., & 
Van Stryland, E. W. (2010). Nonlinear refraction and absorption: mechanisms 
and magnitudes. Advances in Optics and Photonics, 2(1), 60-200. 
[1.31] Meath, W. J., & Power, E. A. (1984). On the importance of permanent 
moments in multiphoton absorption using perturbation theory. Journal of 
Physics B: Atomic and Molecular Physics, 17(5), 763. 
[1.32] Vivas, M. G., Koeckelberghs, G., & Mendonca, C. R. (2012). Effect of 




absorption spectrum of poly (3, 6-phenanthrene). The Journal of Physical 
Chemistry B, 116(50), 14708-14714. 
[1.33] Onsager, L. (1936). Electric moments of molecules in liquids. Journal 
of the American Chemical Society, 58(8), 1486-1493. 
[1.34]  Vivas, M. G., Piovesan, E., Silva, D. L., Cooper, T. M., De Boni, L., & 
Mendonca, C. R. (2011). Broadband three-photon absorption spectra of 
platinum acetylide complexes. Optical Materials Express, 1(4), 700-710. 
[1.35] Valeur, B., & Berberan-Santos, M. N. (2012). Molecular fluorescence: 
principles and applications. John Wiley & Sons. 
[1.36] Webster, S., Padilha, L. A., Hu, H., Przhonska, O. V., Hagan, D. J., Van 
Stryland, E. W., ... & Kachkovski, A. D. (2008). Structure and linear 
spectroscopic properties of near IR polymethine dyes. Journal of 
Luminescence, 128(12), 1927-1936. 
[1.37] Webster, S., Odom, S. A., Padilha, L. A., Przhonska, O. V., Peceli, D., 
Hu, H., ... & Van Stryland, E. W. (2009). Linear and Nonlinear Spectroscopy 
of a Porphyrin-Squaraine-Porphyrin Conjugated System. The Journal of 
Physical Chemistry B, 113(45), 14854-14867. 
[1.38] Albani, J. R. (2011). Structure and Dynamics of Macromolecules: 
Absorption and Fluorescence Studies: Absorption and Fluorescence Studies. 
Elsevier. 
[1.39] Resch-Genger, U., Grabolle, M., Cavaliere-Jaricot, S., Nitschke, R., & 
Nann, T. (2008). Quantum dots versus organic dyes as fluorescent labels. 
Nature methods, 5(9), 763-775. 
[1.40] Albota, M. A., Xu, C., & Webb, W. W. (1998). Two-photon 
fluorescence excitation cross sections of biomolecular probes from 690 to 960 
nm. Applied optics, 37(31), 7352-7356. 
[1.41] Strickler, S. J., & Berg, R. A. (1962). Relationship between absorption 
intensity and fluorescence lifetime of molecules. The Journal of chemical 
physics, 37(4), 814-822. 
[1.42] Helmchen, F., & Denk, W. (2005). Deep tissue two-photon microscopy. 
Nature methods, 2(12), 932-940. 
[1.43] Xu, C., Zipfel, W., Shear, J. B., Williams, R. M., & Webb, W. W. 




biological nonlinear microscopy. Proceedings of the National Academy of 
Sciences, 93(20), 10763-10768. 
[1.44]  Horton, N. G., Wang, K., Kobat, D., Clark, C. G., Wise, F. W., 
Schaffer, C. B., & Xu, C. (2013). In vivo three-photon microscopy of 
subcortical structures within an intact mouse brain. Nature photonics, 7(3), 
205-209. 
[1.45]  Theer, P., Hasan, M. T., & Denk, W. (2003). Two-photon imaging to a 
depth of 1000 µm in living brains by use of a Ti: Al2O3 regenerative amplifier. 
Optics letters, 28(12), 1022-1024. 
[1.46]  Kobat, D., Horton, N. G., & Xu, C. (2011). In vivo two-photon 
microscopy to 1.6-mm depth in mouse cortex. Journal of biomedical optics, 
16(10), 106014-106014. 
[1.47] Balu, M., Baldacchini, T., Carter, J., Krasieva, T. B., Zadoyan, R., & 
Tromberg, B. J. (2009). Effect of excitation wavelength on penetration depth 
in nonlinear optical microscopy of turbid media. Journal of biomedical optics, 
14(1), 010508-010508. 
[1.48] Xu, C., & Wise, F. W. (2013). Recent advances in fibre lasers for 





Synthesis and Characterization of Star-shaped Octupolar 
Molecules 
2.1 Introduction 
Comprehensive researches in the nonlinear refractive index and multi-
photon absorption (MPA) cross-section on a wide spectral range are of 
fundamental importance to understand the relationship between the molecular 
structure and electronic, chemical and optical properties of novel organic 
materials at the molecular level [2.1-2.6]. Because of its outstanding 
characteristics, such as the high spatial localization of the excitation light, and 
the advantageous excitation in the near-IR region, these nonlinear properties 
have been used in several kinds of applications, including photodynamic 
therapy [2.7], three-dimensional micro-fabrication [2.8], 3D optical data 
storage [2.9], optical limiting [2.10, 2.11], all-optical switching [2.12, 2.13], 
fluorescence excitation microscopy and imaging [2.14], coherent control of 
molecular systems [2.15], frequency up-converted lasing [2.16], to name a few. 
In recently few decades, various types of molecules have been 
presented as alternative molecular designs to improve nonlinear hyper-
polarizabilities and decrease the irradiance threshold necessary to engender a 
specific nonlinear optical effect. Three designs have been primarily studied: 
the dipolar (A-π -D) [2.17, 2.18], quadrupolar (D-π -A-π -D) [2.19, 2.20] and 
octupolar structures (D-(π -A)3) [2.21-2.23], where D and A refer to the 
electron-donating and electron-accepting groups respectively, linked through a 
bridge of π -conjugated bonds. Octupolar molecules are C3 molecular 
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symmetry [2.24] combining a star-shaped, three-branched structure, which 
share a common central unit with three branches of dipolar donor-acceptor (A-
π -D) structures [2.25]. Thus, the flow of intramolecular charge transfer (ICT) 
can either from the center to the ends of the molecule or vice versa (“outside 
in” or “inside out”) [2.25]. These three different structures are shown in Figure 
2.1.1. 
Figure 2.1.1 Schematic figure of molecular structures. 
 
Figure 2.1.2 Molecular structures and photographs of p-ETBN and m-ETBN. 
Recently, great efforts have been focused on the design and synthesis 
of octupolar structures because they have demonstrated strong electronic 
coupling between the individual arms, giving rise to prodigious 
hyperpolarizabilities [2.21]. And two-photon absorption (2PA) properties of 
star-shaped octupolar molecules have drawn considerable attention owing to 
their structural symmetry and excellent optical and electronic properties in 
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past decades [2.26-2.28].!Although 2PA have been extensively investigated in 
octupolar molecules, a handful of reports are available on the study for three-
photon absorption (3PA) properties, especially in molecules exhibiting three-
photon excited blue fluorescence. 
Triphenylamine and their derivatives, as a strong donor center, are 
widely exploited as a core unit in the design of one-dimension (1D) linear D-
π-A dipolar and two-dimension (2D) octupolar NLO-phores [2.25]. 
Benzimidazole-based compounds have been demonstrated showing good 
electrical and optical properties due to high electron affinity and special 
twisted structures [2.29,2,30]. Although benzimidazole-based compounds 
have been extensively used, this unit had attracted only deficient attention for 
the nonlinear optical properties. Most importantly, to the best of our 
knowledge, benzimidazole star-shaped octupolar molecules using 
triphenylamine as center have rarely been investigated in the literature. 
In order to investigate the structure-property relationship for excellent 
nonlinearity properties,! here, two novel star-shaped octupolar fluorophores, 
namely, tris(4-((4-(1-phenyl-1H-benzo[d]imidazol-2-yl) 
phenyl)ethynyl)phenyl)amine and tris(4-((3-(1-phenyl-1H-benzo[d]imidazol-2-
yl)-phenyl)ethynyl)phenyl)amine, are synthesized via Sonogashira couplings 
method [2.31]. Hereinafter, these two fluorophores are denoted as p-ETBN 
and m-ETBN, respectively. Both two fluorophores include three 
benzimidazole electron-accepting branches and a triphenylamine electron-
donating center by linking with the alkynyl groups, but only with different 
molecular configurations (p-ETBN is para-position substituent and m-ETBN 
is meta-position substituent). Therefore, the flow of ICT is from the center 
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(donor) to the ends (acceptor) in molecules. Molecular structures and 
photographs of sample-THF solutions in RT are shown in Figure 2.1.2. 
2.2 Synthesis of Two Samples 
Figure 2.2.1 shows the molecular structures and synthetic route of p-
ETBN and m-ETBN. It can be seen the molecules contain a triphenylamine 
center and three benzimidazole branches by linking with the alkynyl groups. 
Our design of the benzimidazole-type octupolar molecules of p-ETBN and m-
ETBN was inspired by the structure of benzimidazole derivatives, a widely 
used material for fluorescent organic light-emitting diodes (OLEDs) that 
exhibits high electron mobility and twisted structures [2.32]. Moreover, the 
benzimidazole-type octupolar molecules are limited. To expand the family of 
benzimidazole, a poorly conjugating CC is introduced between the 
benzimidazole and the triphenylamine groups to inhibit ICT, which has been 
demonstrated to enhance 2PA [2.27]. The key intermediate for the synthesis of 
p-ETBN and m-ETBN was tris(4-ethynylphenyl)amine (2), which was 
synthesized by Sonogashira couplings of tris(4-bromophenyl)amine and 
ethynyltrimethylsilan using Pd(PPh3)2Cl2 and CuI as catalysts. The 2-(4-
bromophenyl)-1-phenyl-1H-benzo[d]imidazole (3) and 2-(3- bromophenyl)-1-
phenyl-1H-benzo[d]imidazole (4) were synthesized according to the literature 
procedures [2.33, 2.34]. Further reaction with compounds 2 and 3 or 4 in 
refluxing dimethyl formamide/triethylamine (15:8, v/v) affords the octupolar 
molecules p-ETBN and m-ETBN in suitable yield using Sonogashira mild 
conditions [2.35]. Proton and carbon nuclear magnetic resonance spectroscopy 
(1H NMR, 13C NMR) and Matrix-Assisted Laser Desorption/Ionization Time 
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of Flight Mass Spectrometry (MALDI-TOF) were employed to confirm the 
chemical structures of above-mentioned compounds. 
Figure 2.2.1 The synthetic route of octupolar molecules p-ETBN and m-ETBN. 
2.3 Solvatochromic Shift Measurements  
In order to shed more light on the characteristic of electronic transitions 
and finish computational modeling of 2PA and 3PA cross-section spectra 
described in Chapter 1, the permanent dipole moment change Δ
!
µ01  between 
the ground and the first excited state can be obtained, in the dipole-dipole 
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interaction, from solvatochromic shift measurements and DFT (density 
functional theory) model. 
Solvatochromism is the capability of a chemical substance to alter its 
color because of changing the polarity of solvent [2.36]. Negative 
solvatochromism is equivalent to hypsochromic shift (or blue shift) with 
increasing solvent polarity. The corresponding bathochromic (or red) shift is 
termed positive solvatochromism. The sign of the solvatochromism relies 
heavily on the dipole moment difference between the ground and excited 
states of the chromophore [2.37].!The solvatochromic shift or solvatochromic 
effect indicates a strong interdependence of emission and absorption spectra 
on solvent polarity. 
The solvent effect is usually observed for molecules with a D-π-A 
structure. Therefore, the solvent effect behavior was investigated to evaluate 
the effect of solvent polarity and excited-states of both two molecules. The 
emission spectra of p-ETBN (Figure 2.3.1(a)) and m-ETBN (Figure 2.3.1(b)) 
were recorded in different solvents by increasing polarity from petroleum 
ether to methanol (MeOH). Obviously, with the increase of solvent polarity, 
the fluorescence spectra of them both exhibit a larger red-shifted and broader 
shape. Interestingly, for m-ETBN, a slight solvatochromism is observed in the 
emission by featuring meta-position substituent, whereas a larger and overall 
positive solvatochromism is observed in the compound p-ETBN for the para-
position substituent. The positive solvatochromism indicates that the 
permanent dipole moment from first excited state is larger than in the ground 
state (µ11 > µ00 ) [2.38].  
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Figure 2.3.1 Fluorescence spectra in various polarity solvents in (a) p-ETBN and (b) 
m-ETBN. 
















 Fit curve for p-ETBN
 Fit curve for m-ETBN
!
Figure 2.3.2 Solvent polarity dependence of the fluorescence maxima. 
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The dipole moment (µ11 ) of the fluorescent states can be estimated 
from the energies of the fluorescence maxima (vf) against the solvent 
parameter Δf  (shown in Figure 2.3.2 and Table 2.1) and the values of them are 
27.8 D for p-ETBN and 15.3 D for m-ETBN according to the equation of 
Lippert-Matage [2.39-2.42], respectively. The value of µ00 was calculated by 
DFT (density functional theory) model of a DMol3 package in Materials 
Studio [2.43]. The dipole moments of excited-states (µ11 ) were deduced by 




Δf +C   (2.3.1) 
Δf = ε −12ε +1−
0.5(n02 −1)
2n02 +1










where µ11  is the dipole moment of excited-state (units: Debye), µ00 is the 
ground-state dipole moment (units: Debye), a is the solvent cavity (Onsager) 
radius, which is derived from Avogadro’s number (NA), molecular weight (M), 
and density (d=1), and ε, ε0, and n0 are the solvent dielectric constant, vacuum 
permittivity, and solvent linear refractive index, respectively. The results are 
summarized in Table 2.1. 
Table 2.1 Dipole Moments Results 
Sample µ11(D)  µ00 (D)  Δ
!
µ01 (D)  
p-ETBN 27.8 4.47 23.33 




According to our results, the value of µ11 and Δ
!
µ01 for p-ETBN are 
both larger than that of the compound m-ETBN, which indicates the charge 
transfer ICT of p-ETBN is better than that of m-ETBN. Additionally, by 
contrasting the emission spectra of p-ETBN and m-ETBN in nonpolar solvent 
that is from the local excitons, we can found the shoulder peak in p-ETBN is 
stronger than that of m-ETBN (Figure 2.3.1 (a) and (b)).  
2.4 Summary 
In this chapter, the fundamental knowledge of star-shaped octupolar 
molecules are reviewed and summarized firstly. Then, two novel star-shaped 
octupolar fluorophores, containing a triphenylamine center and three 
benzimidazole branches, are synthesized via Sonogashira couplings method. 
Finally, permanent dipole moment changes between the ground and excited 
states have been obtained from solvatochromic shift measurements and DFT 
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A full range of experimental methodologies has been applied for the optical 
properties investigations reported in this dissertation. To detailed traverse of the 
linear and nonlinear optical properties in two molecules, we conducted experiments 
of ultraviolet-visible-infrared absorption spectroscopy, steady-state fluorescence 
spectroscopy, energy-dependent nonlinear transmission (or z-scan) measurement, 
upconversion photoluminescence (PL) technique, time-correlated single photon 
counting (TCSPC) technique and time-resolved transient absorption (or pump-
probe) measurement. These experimental methodologies can provide us a big help 
to appraise the linear and nonlinear optical qualities of our new samples.  
Among the above-mentioned techniques, some of them are the normative 
ones, and their operational details and principles are well illustrated in many 
references. Therefore, we will not repeat here again. In this chapter, we will mainly 
focus on the basic fundamentals and details in z-scan technique, upconversion PL 
technique, TCSPC technique and pump-probe technique to investigate the 
nonlinear optical properties in the subsequent parts. Because of the importance of 
femtosecond laser in these techniques, we will start to elaborate the employed lasers.  
3.2 Laser 
3.2.1 Femtosecond Laser Setup 
In this dissertation, nonlinear experiments were performed with two 
different femtosecond laser systems. The first femtosecond laser system was 
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employed in time-correlated single photon counting (TCSPC) technique to 
investigate fluorescence lifetimes [3.1]. The excitation source pulses from a mode-
locked Ti:sapphire laser (Tsunami, Spectra-Physics) centered at 800nm had a pulse 
duration of 50fs with a repetition rate of 80MHz. And 400nm laser pulses were 
generated by frequency doubling of the 800 nm femtosecond pulses of this 
Ti:sapphire oscillator. 
The second one was COHERENT Ti: Sapphire femtosecond laser system 
[3.2, 3.3], which was based on the chirped pulse amplification (CPA) technique [3.4] 
and included three main parts: (1) a pump laser (Coherent, Evolution-15): diode-
pumped second harmonic Q-switched Nd:YLF Laser centered at 527 nm and with 
a repetition rate of 1kHz; (2) Ti:Sapphire regenerative amplifier system: our 
Ti:sapphire laser system (COHERENT, Vitesse, 800 nm, 1 kHz, pulse energy 2 mJ, 
pulse width 100 fs) was seeded by a femtosecond Ti-sapphire oscillator (80 MHz, 
pulse width below 100fs, 800 nm). These 80MHz pulses went through the pulse 
stretcher and as a seed, fed into the Ti:Sapphire regenerative amplifier cavity. The 
gain medium was a Ti:Sapphire crystal pumped by the pump laser (Coherent, 
Evolution-15); and (3) an optical parametric amplifier (TOPAS) pumped by the 
Ti:sapphire laser system (COHERENT, Vitesse) at 1-kHz repetition rate. The 
TOPAS generated the tunable wavelength laser pulses varying from 300 nm to 
2600 nm (150 fs, 1 kHz). Besides, combined with a difference frequency 
generator (DFG), laser wavelength tunability from 0.24 µm to 10 µm can be 
achieved. 
3.2.2   Pulsed Laser Introduction 
There are many different kinds of lasers available for medical, industrial, 
scientific, and commercial applications.  Lasers are always characterized by the 
Chapter 3 !
! 49 
type of lasing medium they adopt - solid state, gas, excimer, dye, or semiconductor 
and they are also described by the duration of laser emission - continuous wave 
(CW) or pulsed laser beam [3.5, 3.6].  
Commonly, transition rates are extraordinarily low at ‘normal’ light 
intensities in most nonlinear processes. To achieve sufficient nonlinear signal, 
excitation light has to be concentrated in time and space. Focusing a laser beam 
through a confocal objective with high numerical aperture (NA) can achieve 
relatively strong spatial densities. Concentration in temporal domain needs the use 
of expensive lasers that generate ‘ultra short’ pulses (less than 10-12 second) with 
correspondingly high peak intensities [3.7, 3.8]. 
The key parameters that are used to characterize the output of Gaussian 
pulsed lasers are illustrated in Figure 3.2.1 [3.9].  
Figure 3.2.1 A schematic drawing of a typical Gaussian pulsed laser [3.9]. 
Rrep is the repetition rate, tFWHM is the full width at half maximum (FWHM) 
of the Gaussian pulse duration, Ppeak  is the peak power and Pavg is the average 







= Eeng •Rrep,Ppeak =
Pavg
1.064• tFWHM •Rrep  
3.2.3 Gaussian Laser Beam Introduction  
In optics scientific research field, a Gaussian beam is one of the basic 
electromagnetic beams whose transverse electric field and irradiance distributions 
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are well approximated by Gaussian functions. Actually, numerous lasers radiate 
beams that approximate a Gaussian profile, in this situation, the laser is called to be 
operating on the fundamental transverse mode, or “TEM00 Mode” of the laser’s 
optical resonator. To investigate the nonlinear optical and ultrafast dynamical 
properties, the output laser pulses are always concentrated into the samples to 
generate the expected high pump intensity and small excitation volume with an 
optical focal lens. The electric field of a focused TEM00 Gaussian mode laser can be 
described as [3.9-3.11]: 










2q(z)]}+ c.c.   (3.2.1) 
where k is the wave vector of propagation and w is the circular frequency of the 
rapidly oscillating wave. A(r, t) is the wave amplitude which has a space and time 
dependence. eˆ  is the polarization unit vector of the wave. The notation “c.c.” 
implies complex conjugate. r = x2 + y2 is the radial coordinate, q(z) = z− iz0 is 
the complex radius of wave front curvature. w(z) is the variable beam radius, which 
is defined as the half-width of the Gaussian curve at the point r, where the curve is 
at 1/e of its maximum value. 2w0 is defined as the beam waist, which is the 
minimum beam diameter at z = 0. The relationship between w(z) and w0 is given by  










  (3.2.2) 




    (3.2.3) 
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where λ is the optical wavelength in the free space. The distance between the points 
± z0 is called the confocal parameter b (b = 2z0). This Gaussian beam form can be 
sketched in Figure 3.2.2.  
Figure 3.2.2   Schematic illustration of a TEM00 mode Gaussian laser beam [3.10]. 
If converted to light intensity, the expression for a focused Gaussian laser 
beam can be simplified as  








)−1    (3.2.4) 
I00 is the on-axis peak irradiance at focus point and τ p is the pulse duration 
( tFWHM = 2 ln2τ p ). 
Laser powers were monitored and measured by using power meters during 
our experiments. The total optical power carried by the beam is the integral of the 
optical intensity I(z,r,t) over a transverse plane (say at a distance z) [3.12], 
P(t)power = I(r, z, t)•2πr•dr
0
∞
∫  (3.2.5) 
which gives  







2 )     (3.2.6) 
As expected, the result is independent of z position. 
Chapter 3 !
! 52 
The optical energy (units of joules) collected in a given time interval is the 
time integral of the optical power over the time interval.  
Eeng = P(t)power •dt
−∞
+∞






∫    (3.2.7) 
Fluence is another significant parameter utilized in nonlinear optics fields. It 
can be used to describe the delivered energy per unit area, in which case it has units 
of J/m2 or J/cm2. 
Fluence (J/cm2)= Laser pulse energy (J) / focal spot area (cm2) 
F = Eeng
πw02
    (3.2.8) 
3.3 Z-scan Technique 
The nonlinear optical properties of media are significant to several practical 
applications including optical processing, ultrafast optical switching, biological 
imaging and targeting. Therefore, the description of such properties in materials has 
been highly quantitatively investigated in few decades. Many experimental 
methods have been studied and employed. The typical ones are degenerate four-
wave mixing [3.13], nonlinear interferometry [3.14], beam distortion measurements 
[3.15] and ellipse rotation [3.16]. Although these methods are potential sensitive 
techniques, they have the weakness of requiring either relatively sophisticated 
optical alignment or intricate wave propagation analysis. 
3.3.1 Z-scan Experiment Set-up 
The z-scan technique was detailed and first theoretically modeled by Sheik-
Bahae et al. in 1990 [3.17]. Compared with the previous techniques, z-scan 
measurement provides a much easier and quicker determination of both the sign 
and magnitude of nonlinear refraction and nonlinear absorption. It is a sensitive 
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technique with simple experiment set-up. After that, it has been diffusely used as a 
standard method to delineate various nonlinear optical properties [3.18, 3.19]. 
The z-scan technique is a single beam method based on the variation of light 
intensity during the beam propagation. During the z-scan technique, the energy 
transmittance (T) of the far field through the sample is recorded when the sample is 
moved or scanned along the axis of propagation (z) of a focused laser beam through 
its focal plane. When the sample approaches the beam’s focus, the peak intensity of 
the light rises, increasing the probability of nonlinear effects. On the other side of 
the focal plane, the peak intensity decreases and nonlinear effects become less 
likely leading to a return back to the original transmission. As the sample 
experiences different electric field strengths with z position changing, the recording 
of the transmittance as a function of z coordinate provides accurate information 
about nonlinear effects existing within the sample.  
For the standard z-scan experiment, the experimental setup is sketched in 
Figure 3.3.1 (a) and (b).  Firstly, the incoming beam is split by a beam splitter. The 
reflected light is recorded by detector D1, as a reference beam to stabilize the laser 
energy fluctuation. The transmitted light is focused by a confocal lens and the 
transmitted energy of the beam through the sample is recorded by detector D2. Then 
the nonlinearity information can be derived from the ratio of D2 to D1 as a function 
of the position z (relative to the focal plane). Two different z-scans are usually 
performed. Without an aperture in front of D2, total energy transmitted through the 
sample can be gathered and so that the nonlinear absorption can be distilled by 
accurately fitting z-scan theory to the experimental data. This method is thus so-
called open-aperture (OA) z-scan. When the intense laser beam passes through 
the sample, for a medium with nonlinear refraction property, the refractive index of 
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the sample will be altered according to the intensity distribution of the incident 
beam. Meanwhile, the wave front of the transmitted beam will be modified 
associated with the redistribution of the refractive index within the sample. If an 
aperture is placed in far field in front of detector D2 as shown in Figure 3.3.1, the 
modulation of wave front of the beam can be detected. In such a manner, the details 
of the nonlinear refractive index of the sample can be determined. This !
conformation is called closed-aperture (CA) z-scan. 
Figure 3.3.1 Closed-aperture transmission z-scan experiment set-up. (a) Sample 
before focal point. (b) Sample after focal point. 
Figure 3.3.2 Our z-scan experimental setup. 
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Our z-scan experimental setup is illustrated in Figure 3.3.2. The output 
pulses from TOPAS was appropriately filtered using band-pass, long-pass and color 
glass filters to remove unwanted wavelength components, attenuated to lower 
power range and used as excitation source for simultaneous recording of standard 
open-aperture (OA) and closed-aperture (CA) z-scan traces. The pulses were 
focused at normal incidence into the sample using a CaF2 lens with 75 mm focal 
length, which minimized the optical loss induced by conventional near-IR optics. 
The transmitted optical signal was collected by another CaF2 lens with 75 mm focal 
length, and focused onto D2 silicon detector (Laser Probe, RkP-465 HD, 200-
1100nm) in the signal arm. Another D1 silicon detector recorded light in the 
reference arm. Measurements with wavelength beyond 1000nm were operated by a 
pyroelectric power probe (Laser Probe, RkP-575, 0.2-20 µm). 
3.3.2 Z-scan Data Analysis 
In general, nonlinearities of any high order should be considered. 
However, for simplicity, we utilize the determination of third-order nonlinear 
optical properties with z-scan as an example. Thus the third-order 
susceptibility ( χ (3) ) needs to be considered. The pump laser intensity 
dependent refractive index and absorption coefficient can be expressed as 
[3.20, 3.21] 
n = n0 + n2I   (3.3.1) 
α =α0 +βI  (3.3.2) 
where I is the incident pump light intensity, n0 is the linear refractive index, 
α0 is the linear absorption coefficient. n2  and β  are the nonlinear refraction 
index and two-photon absorption (2PA) coefficient. The third-order nonlinear 
susceptibility is now considered to be a complex quantity: 
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χ (3) = Re χ (3) + i Im χ (3)    (3.3.3) 
where the real and imaginary part is related to n2 and β  respectively [3.22] (c: 
velocity of light in vacuum; w: optical frequency): 
Re χ (3) = n0n23π (esu)   (3.3.4) 
Im χ (3) = n0
2c2β
240π 2w (esu)   (3.3.5) 
Eq. (3.3.1) indicates that when a focused laser beam is incident onto the 
sample, the total refractive index is modified according to the laser beam 
spatiotemporal intensity profile. This effect looks like making a lens inside the 
sample when the incident beam maintains a Gaussian function intensity 
distribution. In CA z-scan experiment, when the sample is removed along the 
beam propagation axis in vicinity to the focal plane of an external lens, the far 
field transmitted energy through a small aperture, which is inserted in the 
beam propagation axis, is recorded as a function of z position. In different 
position z, Gaussian beam is focused into distinct peak intensity. Therefore the 
lens made by this beam inside the sample owns different focal length. The 
induced lens is a divergent lens or a convergent lens only determined by the 
sign of n2. For an induced convergent lens (positive n2) and a left position 
(negative z position) (see Figure 3.3.2), the transmitted beam converges before 
the external focal point. Consequently, the transmitted laser beam is enlarged 
at the aperture position when compared with the situation without the sample, 
and the energy collected by the detector diminishes. As the sample is moved to 
the external lens focal plane, the beam size transmitted in the aperture position 
is the same as the initial one without the sample; thus the energy collected by 
the detector is also the same. However, when the sample is moved to the right 
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position (positive z), the beam divergence is decreased by the induced external 
lens. The beam size is thus reduced at the aperture position and the energy 
collected by the detector increases. Accordingly, the overall CA z-scan curve 
is a valley followed by a peak profile. Similarly, for an induced divergent lens 
(negative n2), an opposite closed aperture z-scan curve is observed. It is a peak 
followed by a valley. 
Eq. (3.3.2) suggests that the third-order two-photon absorption 
coefficient depends closely upon the pump intensity. When the total incident 
photon energy is constant, the nearer the sample is shifted to the external lens 
focal point, the stronger two-photon absorption can be obtained. What’s more, 
in CA z-scan, when both two-photon absorption and third-order nonlinear 
refraction are co-dominated, the overall curve is the superimposition of the 
pure nonlinear refraction and pure two-photon absorption. 
To simplify the data analysis, two significant approximations are 
usually applied. The first one is “thin sample” approximation [3.17], which 
means the sample is so thin that when a Gaussian laser beam is focused into 
the medium, the change in beam diameter within the sample due to either 
diffraction or nonlinear refraction is negligible. This approximation can be 
achieved once the sample length (l) is smaller than the diffraction length (z0). 
Another one is far-field condition for the aperture plane [3.17], which means 
that the magnitude and shape of z-scan figures do not depend on the 
wavelength or geometry. This can be satisfied when d >> z0  (d: propagation 
distance in free space from the sample to the aperture plane).! Then the 





dz ' = kn2I    (3.3.6) 
dI
dz ' = −(α0 +βI )I    (3.3.7) 
where k is the magnitude of wave vector, and z’ is the propagation depth 
inside the sample. 
For open-aperture z-scan, all the transmitted light is collected and 
recorded by focal lens to D2. Consequently, only Eq. (3.3.7) needs to be 
considered.! Assuming a spatially and temporally Gaussian profile for 
incoming laser pulses propagating along the +z direction with the coordinate 
origin at the Gaussian beam waist, under “thin sample” approximation, the 
total time-integrated normalized energy transmittance for the open 
aperture to a single pulsed Gaussian beam can be mathematically described by 
the derivation for 2PA coefficient by R.L. Sutherland  [3.9, 3.17, 3.23, 3.24].  
T = (1− R)
2 exp(−α0l)
πq0
ln[1+ q0 exp(−x2 )]−∞
+∞
∫ dx      (3.3.8) 
q0 = β(1− R)I0Leff    (3.3.9) 
I0 = I00 / (1+ z2 / z02 )    (3.3.10) 
where z is the sample position with respect to the focal point of the focused 
laser beam, Leff = [1− exp(−α0l)] /α0  is the effective sample length for 2PA 
process, and l is the sample length.  If q0 <1 , 




∑    (3.3.11) 
Furthermore, if the higher order terms are ignored and linear absorption 
constants are neglected, we can obtain the normalized energy transmittance:   
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T =1− βI0Leff (1− R)2 2      (3.3.12) 
Here the reflection (R) on the sample front surface has been considered. 
2PA coefficient (β ) for the materials can be determined by best fitting the 
trances of experiment data. Then 2PA cross section (σ 2 ) can be determined 
form the equation of σ 2 =
!wβ
N , where !w  is the photon energy and N is the 
molecular concentration. 
For the concern of this thesis, the three-photon absorption (3PA) is also 
deduced with the same method as below (hereγ is another notation of α3 ): 
dI
dz ' = − α0 +γ I
2( ) I   (3.3.13) 
Similarly,  
T = (1− R)
2 exp(−α0l)
π p0
ln[ 1+ p02 exp(−2x2 ) + p0 exp(−x2 )]−∞
+∞
∫ dx    
(3.3.14) 
p0 = 2γ (1− R)2 I02L 'eff  (3.3.15) 
L 'eff = 1− exp(−2α0l)[ ] / 2α0   (3.3.16) 
If p0 <1 , 




∑     (3.3.17) 
Furthermore, similarly, we obtain the normalized energy transmittance:   
T =1− γ I0
2L 'eff (1− R)2
3 3    (3.3.18) 
And 3PA cross-section (σ 3 ) : σ 3 =
(!w)2γ
N      (3.3.19) 
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For closed aperture z-scan, the transmitted light through the aperture 
is collected only. The phase variation modifies the energy transmittance 
through the aperture. The phase change can be deduced from Eq. (3.3.6) and 
Eq. (3.3.7). The normalized energy transmittance can be obtained based on 
Huygens-Fresnel theory and “Gaussian Decomposition” (GD) method [3.17].  
At the far field condition ( d >> z0 ) of the aperture, under the 
approximation of small refractive change ( ΔΦ0 < π ) and S <<1 , the 
normalized geometry-independent energy transmittance in closed-aperture z-
scan can be written as [3.17]: 
T (z,ΔΦ0 ) =1−
4xΔΦ0
(x2 +1)(x2 + 9), x =
z
z0
    (3.3.20) 
S is the aperture linear transmittance, ΔΦ0 is the on-axis phase shift at the 
focus, which is defined as: 
ΔΦ0 = kn2I00Leff    (3.3.21) 
A helpful relation of the obtained z-scan figure is the z distance 
between the valley and peak, ΔZp−v . For a closed-aperture z-scan on a third-
order nonlinear materials,  
ΔZp−v ≈1.7z0    (3.3.22) 
For a simpler and quicker determination, another beneficial feature 
deduced from Equation (3.3.20) is to determine the nonlinear refractive index 
n2 from the transmittance difference, ΔTp−v , between the peak and valley 
points in this standard CA z-scan. Based on the numerical fitting results [3.17], 




ΔTp−v ≈ 0.406(1− S)0.25 ΔΦ0 , ΔΦ0 ≤ π    (3.3.23) 
Under the situation of small absorption and refraction modification, CA 
z-scan energy normalized transmittance can be expressed as [3.25]: 
T (x) =1+ 4x(x2 +1)(x2 + 9) •ΔΦ0 −
2 x2 +3( )
(x2 +1)(x2 + 9) •ΔΨ0  
 (3.3.24) 
where ΔΦ0 = kn2I00Leff  and ΔΨ0 =
βI00Leff
2 . ΔΦ0  can be determined by 
fitting the trances of experiment data. Then nonlinear index coefficient is 




(MKS)    (3.3.25) 
n2 (esu) =
cn0




(esu)   (3.3.27) 
3.4 Upconversion Photoluminescence (PL) Technique 
3.4.1 Basic Introduction 
One of the significant applications of the nonlinear optics is the 
upconversion photoluminescence (PL) adopted in upconversion bio imaging 
[3.26, 3.27], upconversion lasing [3.28, 3.29], and so on. Accordingly, for the 
fluorescent materials, the nonlinear optical properties can be also examined 
through the multi-photon excitation PL. The value X in photon number can be 
effortlessly determined from the relationship slop of PL intensity on pump 
energy. Under same experimental condition and compared with a standard PL 
phosphor of well-studied multi-photon absorption cross-section, MPA cross-
section of an unknown material can also be deduced from this technique [3.30, 
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3.31] (only the fluorescence quantum yields are known). It has been shown 
that the upconversion PL experiment offers ultra high detection sensitivity. 
Consequently, MPA cross-section can be determined in dilute sample 
solutions (usually ≤ 0.1mM) and with low peak pump intensities (only the 
fluorescence quantum yield is known). 
A schematic experimental setup for our experiment is shown in Figure 
3.4.1. A zero-degree setup can be used, where the excitation path is parallel to 
the detection path. The laser through an aperture (D=2mm) was focused by a 
10-cm objective lens into the center of a 1 cm-thick quartz cell containing p-
ETBN (0.45mM in THF), m-ETBN (0.45mM in THF) or Rhodamine 6G 
(0.13mM in MeOH). The multi-photon-excited PL signal was collected in the 
direction perpendicular to the propagation direction of the excitation beam by 
using a telescope collection system which consists of a lens f=10cm and a lens 
f=15cm and then coupled into a spectrometer (Avaspec-2048-SPU, Resolution 
0.5nm). The excitation pulses from TOPAS were appropriately filtered using 
suitable long-pass, short-pass filters and color glass filters to remove the 
unwanted wavelength components, and continuously variable ND filter was 
inserted to adjust the excitation power. The input average power was measured 
in the excitation path after the focal lens by Newport optical power meter 
(Model: 1917-R) with detector of 818P-001-12 (0.19-10.6µm). 
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Figure 3.4.1 Schematic experimental setup for upconversion luminescence. 
To characterize the multi-photon excited PL quantitatively, we 
manifest here the consideration of two-and three-photon excitation as 
illustrations. Within Gaussian focused laser beam, the multi-photon excited 
fluorescence counts can be described as [3.2, 3.32] (here we neglect the 
influence of refractive indices): 
f2 =η2φσ 2ρ •ds•dz• Ir2     (3.4.1) 
f3 =η3φσ 3ρ •ds•dz• Ir3    (3.4.2) 
where η2 =η3 is the PL quantum yield, φ is the fluorescence collection 
efficiency of the experimental setup, σ n  is the n-photon absorption cross-
section, ρ  is the sample concentration, ds•dz  is the small volume of the 
focused laser beam considered, and Ir is the nearly constant laser intensity at 
this small volume. 
If the laser intensity does not decrease dramatically within the sample, 
which suggests that the concentration is low or MPA cross-section is pretty 
small, the two-and three-photon excited PL strength (F2 and F3) can be found 
out by integrating fluorescence counts over the entire focused Gaussian laser 





4 τ pφη2σ 2ρI00
2 w02z0    (3.4.3) 
F3 =
π 5/2
12 τ pφη3σ 3ρI00
3 w02z0    (3.4.4) 
where τ p is the half width of the Gaussian pulse at 1/e, I00 is the peak intensity 
on the beam propagation axis, w0 is the beam waist, and z0 is the diffraction 
length. At RT for organic molecules, the fluorescence quantum yield is a 
constant over the spectral range of the experiment [3.33, 3.34]. Then 2PA 
action cross-section (σ 2η2 ) and 3PA action cross-section (σ 3η3 ) spectra were 
determined by comparing the fluorescence intensity with standard sample-
Rhodamine 6G (0.13mM in methanol) excited at 800nm and 1050nm, 
respectively, whose quantum yield is 0.95 and 2PA cross-section is 65GM (at 
800nm) and 9.5GM (at 1050nm) [3.35]. 
3.4.2 Theory on 2PA Action Cross-sections Spectrum 
2PA action cross-sections spectra were determined by comparing the 
fluorescence intensity with standard sample-Rhodamine 6G excited at 800nm. 
When excitation wavelength is 800nm and under same experimental 
condition, φ , τ p and input power are the same, as a result, I002 ,w02, z0 are 




η2σ 2( )sample •ρsample
(η2σ 2 )6G •ρ6G
    (3.4.5) 
When excitation at other wavelength but under same input power 
condition, φ , τ p are the same, and I002 w02z0 ∝
P2
λ
. Accordingly, σ 2η2 at other 








   (3.4.6) 
3.4.3 Theory on 3PA Action Cross-sections Spectrum 
3PA action cross-sections spectra were determined by comparing the 
fluorescence intensity with Rhodamine 6G excited at 1050nm. For p-ETBN, 
the selected reference wavelength was 1200nm and for m-ETBN, the selected 
reference wavelength was 1110nm. 
Since Rhodamine 6G shows 2PA properties at 1050nm, when 







η3σ 3( )1110nm •ρsample • I00( )1110nm •1050nm
(η2σ 2 )6G •ρ6G •1110nm
  (3.4.7) 
Then, 3PA action cross sections at other wavelength under same input 




σ 3( )λ • 1110nm( )
3
(σ 3)1110 •λ3
    (3.4.8) 
Similarly, 3PA action cross-section spectrum in p-ETBN can be 
obtained when 1200nm is the selected wavelength. 
3.5 Transient Dynamic Characterization Techniques 
Time-resolved spectroscopy of the excited carrier dynamics is one of 
the most significant methods to comprehend the carrier dynamic mechanism in 
media. This is because the majority of important steps occur in a very fast time 
scale of a few picoseconds to nanoseconds order [3.36]. 
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Figure 3.5.1 Schematic of electron relaxation upon excitation using ultrafast laser 
pulse [3.36]. 
Figure 3.5.1 displays the timescale of the electron relaxation process 
after excitation using ultrafast lasers [3.36]. Initially, after excitation, the 
material absorbs the incident photons (one- or multi-photon) and the electrons 
are excited to a higher excited state (hot electrons) within a few femtoseconds. 
The next step is the thermalization, where carrier-phonon scattering and 
carrier-carrier scattering dominate. Both kinds of scattering take place in the 
sub-picosecond range after laser excitation. The most appealing section is 
carrier removal, where carrier recombination and diffusion are the major 
processes. Most optical properties in materials can be observed in this removal 
section. After electron recombination, the recombination energy is transferred 
into the lattice. Subsequently, ablation, evaporation, thermal diffusion, and 
resolidification occur within nanosecond to microsecond range. 
3.5.1 Pump-probe Technique 
Although z-scan technique is proved to be versatile in measuring 
material optical nonlinearities, it measures the response only within the pulse 
duration but cannot determine how material responses temporally after 
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excitation. The ultrafast carrier dynamics within various energy states were 
examined with a home-built set-up for standard measurement on femtosecond 
time-resolved frequency-degenerate transient absorption. This type of 
experiment is also called the pump-probe technique [3.37-3.39].  
During the pump-probe technique, the pump beam and probe beam are 
overlapped in the sample. The intensity of the probe beam is much lower than 
the pump beam (Iprobe/Ipump<1/10), so that the optical nonlinearity triggered by 
the probe beam can be neglected. The pump and probe pulses are delayed by a 
delay line in the set-up. The photo-excited carrier dynamics can exhibit itself 
in the measured transient reflectance or transmittance of the probe beam. 
Figure 3.5.2 shows the schematic diagram of our pump-probe 
experimental set-up excited at 800nm (120fs, 1kHz). As can be seen, firstly, 
the laser pulses are divided into two parts by a beam splitter. One is the 
stronger beam called pump beam, and it is chopped and delayed before being 
focused into the sample. The pump beam is obstructed after transmitting the 
sample. Another weaker part is the probe beam, which is focused into the 
sample and its transmitted light is recorded by a sensitive silicon PIN detector 
ET-2020 (EOT,1.5ns, responsivity@830nm is 0.5A/W). In pump-probe 
experiment, the temporal profile of photo-excited carrier relaxation dynamics 
is detected by a time delay line between the pump and probe pulses. In order 
to check the minimal signal of the transmittance change of the probe beam, the 
pump beam is chopped in a frequency (about 680 Hz), which is outside the 
region of the background noise frequency. Then the transient transmittance of 
the probe beam is modulated in this certain frequency. Because the transient 
transmittance change is usually rather weak, this change signal is easily 
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swamped by environmental noises such as vibrations, temperature changes in 
the room, and instability of laser output. Lock-in amplifier (Stanford Research 
Systems, Digital Lock-in Amplifiers: SR830-DSP Lock-in amplifier) is 
adopted to pick up the signal of the transient transmittance difference of the 
probe beam with this frequency. A linear polarizer and a zero-order half wave 
plate are inserted in the optical path of the probe beam to adjust the 
polarization of the probe beam to be perpendicular with the pump beam. When 
the probe and pump beam are cross-polarized, any coherent effects signals can 
be eliminated. The pump intensity can be changed by a chain of neutral 
density (ND) filters to examine the pump-intensity dependence of material’s 
nonlinear response. The overlap angle between pump and probe beam in 
sample position was measured about 4 degree in the experiment. 
The probe beam can be white light continuum to record the transient 
transmittance in a wide wavelength range. In most cases, when the 
wavelengths of the pump and the probe are identical, it is called degenerate 
pump-probe technique. In this dissertation, we used this degenerate technique, 
which is beneficial to detect the carrier dynamics, nonlinear refraction, and 
nonlinear absorption [3.40]. 
Especially, when the time delay between the pump and probe beam is 
zero, the overlap of two beams in the sample in time and space can be used to 
detect the nonlinear optical properties of the material. As a result, the 
relaxation process may be described quantitatively by using a double-
exponential fitting [3.41]: 
ΔT






)     (3.5.1) 
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where the fastest component, τ1, is found to be independent of the pump 
intensity and is interpreted as the auto-correlation between the pump and 
probe pulses [3.42]. The slowest component, τ2, on the picosecond scale is 
attributed to radiative, band-to-band recombination [3.43]. 
Figure 3.5.2 Schematic of pump-probe experimental setup. 
 
Figure 3.5.3 Schematic of experimental setup for TCSPC. 
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3.5.2 Time-correlated Single Photon Counting (TCSPC) Technique 
The fluorescence lifetimes were measured by using time-correlated 
single photon counting (TCSPC, PicoHarp 300), with instrument response 
function of 150ps [3.1,3.44,3.45]. After laser excitation, electrons in excited 
states will relax to a lower state through radiative recombination at various 
times. By recording the timeline of the emission we can determine the 
exponential decay of the emission intensity, and in turn, the lifetime of the 
excited state. 
Figure 3.5.3 shows our experimental setup for TCSPC. The output 
pulses from a mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics) 
centered at 800nm was used for 2PE-PL of the sample and the frequency-
doubled output centered at 400 nm was used for one-photon-excited 
photoluminescence (1PE-PL). The pulse from the laser is split into two 
portions: one part acts as the start signal, and another part serves as the 
excitation source. The fluorescence intensity was directed into a PMT 
(PicoQuant, PMA 182-N-M) coupled monochromator (Acton, Spectra Pro 
2300i) with an optical fiber to select the detection wavelength. Both the start 
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Chapter 4  
Experimental Results and Discussion 
In the previous chapter, we have introduced some important 
experimental techniques in this thesis. Then, comprehensive studies of 
nonlinear optical properties, such as the nonlinear refractive index 
(wavelength range: 740-2000nm) and nonlinear absorption (wavelength range: 
680-1250nm) in Tetrahydrofuran (THF) solutions are quantitatively 
characterized by standard open and closed aperture z-scan measurement and 
upconversion photoluminescence (PL) technique upon irradiation with 
femtosecond laser pulses at low repetition rate (1kHz). Additionally, 
femtosecond pump-probe technique at 800nm are performed to display the 
temporal resolution and to distinguish between instantaneous multiple photon 
absorption processes and those involving slower effects [4.1], and 
fluorescence lifetimes are measured by using TCSPC technique under one-and 
two-photon excitation. By comparing these nonlinear properties in two 
samples, we have examined the effect of positional isomerism and structure-
property relationships in the  developing of organic molecules with enhanced 
nonlinear properties. 
In this chapter, we will focus on the experimental results and examine 
and interpret the effect of positional isomerism. To better understand the 
nonlinear optical response of the fluorophores and associate them with 
molecular parameters, we used the simplest sum-over-essential-states (SOS) 
approach to interpret 3PA and 2PA cross-section spectra. 
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4.1!UV-vis Spectra and Fluorescence Spectra 
Both novel star-shaped octupolar molecules are highly soluble in 
common organic solvents such as DMF, toluene and methanol [4.2]. The as-
prepared molecules in Tetrahydrofuran (THF) solvent were characterized at 
room temperature (RT) by UV-vis absorption and fluorescence spectroscopic 
techniques under one-photon excitation (Figure 4.1.1 (a)). Absorption and 
fluorescence spectra were taken with a Shimadzu UV-VIS-NIR 
Spectrophotometer (UV-3600) and a Cary Eclipse Fluorescence 
Spectrophotometer, respectively. The summary of the linear optical properties 
is provided in Table 4.1. 
Table 4.1 Summary of Linear optical properties 
a Linear absorption peak measured in THF.  b Peak Molar Absorptivity.  c 
Fluorescence peak after 350nm excitation. d Full width at half maximum of 
Fluorescence. e Quantum yield: Rhodamin 6G (0.95) as the standard sample. 
The normalized UV-vis spectra were measured in a 1mm-thick layer in 
THF with a concentration of 0.07mM (p-ETBN) and 0.03mM (m-ETBN) 
respectively. The influences from the quartz liquid cell and the solvent THF 
have been subtracted. As described in Figure 4.1.1(a), p-ETBN and m-ETBN 
display similar absorptive profiles with two absorption bands: one is located at 
~370-400 nm which corresponds to the π-π* transition from the highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO); and another one is about 290-310 nm, which is attribute to 
the transition of σ-π*. In Jablonski diagram of Figure 4.1.1 (b), these two main 
absorption bands correspond to the S0-S1 and the S0-S2 transitions, 
respectively [4.3,4.4]. In the regime of the wavelength above 500nm, they are 
Sample λabs  (nm)a ε (×104 M-1cm-1) b  λem  (nm)c FWHM (nm)d Ƞe 
p-ETBN 400 2.18  474 54 0.080 
m-ETBN 370 2.75  446 45 0.055 
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highly transparent without any linear absorption,! which indicates that 
excitation during this wavelength range can only occur through nonlinear 
absorption. We expect that there exist 2PA and 3PA in the near-infrared 
wavelength range. It is interesting to note that the absorption peak of p-ETBN 
is red shifted by 30 nm than that of m-ETBN, which indicates the fact that ICT 
of p-ETBN is larger than that of m-ETBN, as detailed in Chapter 2. 
Upon one-photon excitation at 350nm, a strong and narrow single peak 
blue-light emission peaking at 474nm and 446nm is observed. The medium 
(0.45mM in THF) was placed in a quartz cuvette with a pass length of 1 cm. 
The full width at half maximum (FWHM) is 54nm (p-ETBN) and 45nm (m-
ETBN) respectively. Similarly, the fluorescence peak of p-ETBN was red-
shifted as well compared with m-ETBN. From UV-vis spectra and 
fluorescence spectra for two molecules, one can conclude that Stokes shifts 
between the spectral positions of the maxima of the lowest energy absorption 
and the luminescence peak [4.5] are nearly the same (~75nm), although they 




Figure 4.1.1 (a) Absorbance spectra (blue lines) and fluorescence emission spectra 
(red lines) in THF solvent. (b) Jablonski diagram for proposed mechanism. 
As is known, MPA takes place at wavelength where there is no or 
negligible linear absorption [4.6]. Figure 4.1.2 shows the transmission 
spectrum of pure THF with a pass length of 1mm. As shown in this Figure, 
pure THF has negligible or relatively low linear absorption (T>80%) in the 
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broad optical window of 350-1600nm. As a result, this wavelength region was 
chosen for the multi-photon excitation experiment described in this thesis. 
Figure 4.1.2!Transmission spectrum of pure THF in 1mm cuvette. 
4.2 Multi-photon Excited Photoluminescence (PL) 
4.2.1 Experimental Results 
During this experiment, p-ETBN (0.45mM in THF) and m-ETBN 
(0.45mM in THF) were contained in 1cm-thick quartz cell and Rhodamine 6G 
(0.13mM in MeOH) in 1cm-thick cell was the standard sample. 
Interestingly, both octupolar molecules exhibit not only strong 2PA 
blue photoluminescence (PL) but also strong 3PA up-converted blue PL when 
excited by NIR femtosecond laser pulses. As shown in Figure 4.2.1(a), 2PA 
and 3PA excited PL spectra were approximately identical to those of the 
corresponding one-photon excited fluorescence, indicating that their emission 
levels, and thus their quantum yields, were identical in the excitation 
wavelength range during our experiments [4.7-4.9]. For obtaining 
considerable 3PA excited PL signals and visualized comparison, the selected 
3PE wavelengths were different in Figure 4.2.1(a). Besides, reabsorption 
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effect was negligible within this concentration because no apparent red shift of 
the fluorescence spectrum was observed [4.4, 4.7, 4.10]. 
 
Figure 4.2.1  (a)!Normalized fluorescence emission spectra under 1PE, 2PE and 3PE. 
(b) The photos of 3PE induced PL. 
To ensure that only multi-photon absorption occurs [4.8], it is 
important to check the power-intensity dependence at the excitation 
wavelength. For a nonlinear process involving the simultaneous absorption of 
X photons, a slope of X is expected for these curves. Figure 4.2.2 (a) displays 
the natural logarithmic plots of PL peak intensity as a function of input 
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Fluence for octupolar fluorophores. Accordingly, we have shown 
experimentally that the linear fit values at these excitation wavelengths are 
very close to the quadratic-and cubic-law dependence. This ensures that 
saturation [4.11], excited state absorption [4.12], photobleaching [4.13] or 
other effects are insignificant within these power regions and these offer a 
direct experimental evidence of multi-photon excitation mechanism that is 
responsible for the frequency upconverted blue region fluorescence in this 
window.  Specifically, three or two low energy photons simultaneously excite 
molecules from S0 to S1. Subsequently, these excited electrons relax to the 
lowest vibrational states in S1 due to non-radiative relaxation (see Figure 
4.1.1(b)), then return back to S0 with leading to PL. In addition, power 
dependence of PL signals on Rhodamine 6G in 1050nm is also shown, which 
clearly possesses a quadratic dependence, indicating the pure two-photon 
absorption [4.14].  Figure 4.2.2 (b) shows the slope-wavelength dependence 
obtained from the ln-ln plot of PL peak intensity with excitation Fluence 
during our experiments. All Fluences are below 0.22J/cm2. A change in slope 
from 2 to 3 is observed from 800nm window to 1300nm window, indicating 
switching of mechanism responsible for PL emission from two-photon 
absorption to three-photon absorption. Figure 4.2.2 (c) shows three-photon 
excited PL of p-ETBN (red line) is compared with two-photon excited PL of 







Figure 4.2.2 (a) The natural logarithmic plots of the dependence of PL peak intensity 
as a function of Fluence; (b)!Slope-wavelength relation; (c) Three-photon excited PL 
of p-ETBN is compared with that of Rhodamine 6G. 
Figure 4.2.3 (a) presents 2PA action cross-section and 3PA action 
cross-section spectra by femtosecond laser pulses.! Error bars indicate 
experimental uncertainty of ± 25% and ± 35% for 2PA and 3PA action cross-
section, respectively. Due to the practical situation of our laser system, high 
Fluence cannot be achieved beyond 1270nm. As a result, 3PE induced blue PL 
was not observed approaching to 1300nm during our experiments. As 
illustrated in this Figure, 3PA spectra present a band that is three times to one-
photon allowed state and 3PE absorption band is wider than 1PE. These are 
reasonably allowed because 1PA and 3PA obey the same electric-dipole 
selection rules [4.15] and three photons are absorbed to excite fluorophores 
from the ground state to excited state. Interestingly, the maximum values of 
2PA action cross-section are exhibited at wavelength positions of generally 
twice their linear absorption peaks. These results are in agreement with the 
theoretical predictions [4.16, 4.17] and previous reported results [4.9, 4.18] 
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that the two-photon allowed states of octupolar molecules are similar to those 
of the one-photon allowed states. This point has been indicated and explained 
in the previous Chapter 1.4 that non-centrosymmetric molecules allow 
transitions to occur between equal or different parity levels, independent of the 
number of photons required. 
In order to qualitatively describe 2PE and 3PE properties, effective 
2PA action cross-section are displayed in Figure 4.2.3 (b), which is defined as 
the product of 3PA action cross-section and excitation intensity. Under same 
supposed excitation condition (Fluence=0.3J/cm2), the peak value of effective 
σ 2η2  is 30GM at 1200nm in p-ETBN and 12GM at 1110nm in m-ETBN. The 
maximum value of effective σ 2η2 of p-ETBN is about 1.5 times larger than 
peak intrinsic 2PA action cross section, while these two peak values are nearly 
the same in m-ETBN. The highest intrinsic and effective values are both 
obtained from p-ETBN,! which affirms the disadvantage of meta-position 
substituent since it disrupts the conjugation, hampers the intramolecular 
charge transfer (ICT) and results in lower nonlinearity [4.19]. Our results 
demonstrate that changing the relative position of the donating center and 
acceptor substituents is a particularly useful strategy for significantly 
enhancing 3PE properties in octupolar star-shaped molecules and shifting the 
absorption and emission maxima to longer wavelength. This improvement and 
red-shift reveal clearly the enhancement of dipole moments [4.20,4.21] and 
indicate ICT ability of p-ETBN is larger than that of the compound of m-
ETBN, which have been illustrated in Chapter 2.3. Besides, the excitation in 
3PE wavelength with blue emission indicates an anti-Stokes shift greater than 
~720 nm in p-ETBN. The enhanced Stokes shift is a key advantage for bio-
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imaging applications in terms of not only minimizing self-absorption, but also 
distinguishing the luminescence from intrinsic background auto-fluorescence 
[4.22]. Accordingly, compared with 2PE-PL properties, p-ETBN fluorophore 
has more great potential for deep-tissue imaging via 3PE under this specified 
excitation Fluence. Most importantly, our results indicate that 1PA peak in p-
ETBN is 400nm and 2PA and 3PA peaks are exactly twice and three times the 
linear absorption peak. Since 800nm is more convenient and mostly used in 
biological applications due to the large optical absorption of water at this 
wavelength [4.23] and 1200nm is much closer to 1300nm window peak, p-
ETBN is an efficient blue emitting biological label for deep-tissue imaging 
around 1300nm window via 3PE and at 800nm via 2PE. Although higher 3PA 
action cross-section peak at 1270nm, 1PA peak at 429nm and blue PL 
emission have been reported [4.24], their 2PA peaks are far away from 800nm, 
which limits their practical bio-imaging applications. 
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Figure 4.2.3  (a) Two-and three-photon action cross-section spectra. Here one-photon 
spectrum is re-plotted from the normal absorption spectrum with the wavelength 
multiplied by two and three and normalized to the same peak height for comparison; 
(b) Effective two-photon action cross section spectra (Fluence=0.3J/cm2). 
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4.2.2 Sum-Over-Essential-States (SOS) Interpretation 
To further establish a relationship between the multi-photon absorption 
(MPA) process observed and the effect of positional isomerism in molecular 
properties of the fluorophores, the sum-over-essential-states (SOS) approach, 
described in Figure 1.4.3 and Chapter 1.4, was used to analyze the results 
presented in Figure 4.2.3 (a). To interpret MPA spectra of the compounds, we 
considered only dipolar contributions factors, based on the excited states 
energies, obtained from the two-and three-photon absorption spectra presented 
in this thesis. 
In Figure 4.2.4, the solid blue line along the black empty circles 
represents the theoretical fitting obtained from Equation 1.4.6 and 1.4.9. wgf 
and εgf
max  are estimated from the linear absorption spectrum (π-π* band located 
at 400nm for p-ETBN and 370nm for m-ETBN, shown in Figure 4.1.1(a) and 
summarized in Table 4.1). Γgf  is obtained from Gaussian function fitting of 
the first linear absorption band. 
!
µ01  is calculated from Equation 1.4.7 and 
Δµ01 is obtained from solvatochromic shift measurements (Equation 2.3.1-
2.3.3) and shown in Table 2.1. Quantum yields are determined based on open 
aperture z-scan and upconversion PL measurements, which will be discussed 
later but used here firstly. Here, one-photon spectrum is re-plotted from the 
normal absorption spectrum with the wavelength multiplied by a factor of two 
(red dashed line) and normalized to the same peak height for 2PA comparison, 
and the one-photon spectrum (dashed red line) is re-plotted with the 
wavelength multiplied by a factor of three and normalized to the same peak 
height for 3PA comparison. Table 4.2 summarizes the spectroscopic 
Chapter 4 !
! 88 
parameters used/obtained in the sum-over-essential-states approach used to 
model MPA spectra. 
Figure 4.2.4 SOS model-fitting results. (a) 2PA spectrum of p-ETBN. (b) 2PA 
spectrum of m-ETBN. (c) 3PA spectrum of p-ETBN. (d) 3PA spectrum of m-ETBN. 
Table 4.2 Spectroscopic Parameters in SOS Model 
Parameters p-ETBN-THF m-ETBN-THF 
wgf 400nm (25000cm-1) 370nm (27030cm-1) 
Γgf (eV) 0.46 0.45 
εgf
max (104 M-1cm-1) 2.18 2.75 
Δ
!
µ01 (Debye)  23.33 12.95 
!
µ01 (Debye)  18.3 10.4 
Quantum Yield 0.080 0.055 
n0 (20ºC)=1.407,  !L =1.198,  NA=6.021023mol-1,  h=6.6310-34J• s, c=3
108 m/s 
*1D=3.33×10-30C·m 
As seen in Figure 4.2.4, both fluorophores present relatively high 3PA 
cross-section, in the order of 10-79cm6s2photon-2 and 2PA cross-section, in the 
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order of 102 GM. By comparing the magnitude of MPA cross-section of the 
lowest energy transition, the theoretical results and experimental data show the 
same general trend, i.e. in the case of para-position substituent, the larger 
wavelength transition presents a higher cross-section. This general trend 
indicates that dipolar contribution from the ground state to the lowest-energy 
excited state plays an important role in determining MPA cross-sections. Such 
values are comparable, although smaller, to the higher ones reported in the 
literature in near-infrared region (Table 4.5). The values observed for the 
optical nonlinearities are related to high transition dipole moment 
!
µ01  and!
dipole moments difference Δ
!
µ01 , that are probably associated to the enhanced 
electronic coupling between the individual arms in octupolar structures, as 
well as to the presence of strong flow of intramolecular charge transfer (ICT) 
between electron-donor and acceptor groups for p-ETBN and m-ETBN. The 
peak 2PA and 3PA cross-section of p-ETBN are higher than that of m-ETBN 
because of its higher transition dipole moment 
!
µ01  and greater contributions 
from the dipole moments difference Δ
!
µ01 , which are associated with the 
molecular conjugation.  
4.3 Z-scan Experimental Measurements 
Multi-photon absorption cross-section and nonlinear refractive index 
were determined via open aperture and closed aperture z-scan at distinct 
excitation wavelength. Our laser system has been introduced in Chapter 3. 
Using femtosecond laser pulses with a low repetition rate, high peak power 
and low average power can be achieved, and at the same time, precludes or 
minimizes the presence of thermal effects [4.25]. To calibrate our z-scan 
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experimental system, we conducted open-aperture z-scans on cadmium sulfide 
bulk crystal (CdS, 0.05cm) as a reference because it possesses large 2PA and 
3PA and has been well investigated in our laboratory. 
4.3.1 Open Aperture (OA) Z-scan 
Similar to one-photon excitation, molecules can be excited from the 
ground state to excited state via absorbing two or three low energy photons 
simultaneously. Since action cross section spectra have been determined, 
open-aperture z-scans at 800nm were employed in order to determine the 
accurate 2PA cross-section, since 800nm is more convenient and mostly used 
in biological applications due to the large optical absorption of water at this 
wavelength. What’s more, 3PA cross-sections were determined at 3PA peak 
excitation wavelengths based on multi-photon excited photoluminescence. 
Our input power or peak intensity (I00) as well as z-scan experimental 
system were calibrated by conducting OA z-scans on cadmium sulfide bulk 
crystal (CdS, 0.05cm). 2PA theoretical coefficient value of CdS was 
determined to be 7.6cm/GW at 800nm and 3PA values were determined to be 
0.017cm3/GW2 at 1110nm and 0.032 cm3/GW2 at 1200nm according to the 
theoretical equations [4.26,4.27]. Accordingly, our results were convincible 
after calibration. Figure 4.3.1 shows OA z-scan result of CdS at 1110nm. 
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Figure 4.3.1 OA z-scan results of CdS at 1110nm. 
Figure 4.3.2 OA z-scan results of two samples. (a) p-ETBN at 800nm. (b) m-
ETBN at 800nm. (c) p-ETBN at 1200nm. (d) m-ETBN at 1110nm. 
Figure 4.3.2 shows OA z-scan results at 2PA in 1mm cuvette at 800nm 
and 3PA in 1cm cuvette respectively. No obvious 2PA and 3PA were 
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observed in pure THF during our experiment. Rayleigh range z0 were 
measured to be (0.350.03) cm at 1200nm and (0.340.03) cm at 1110nm. 
Although the sample thickness of 1cm is a factor of about 2.8 larger than z0, 
“thin-sample” approximation [4.28] for standard z-scan measurements is still 
valid since Chapple et al. [4.29] have demonstrated that the sample thickness 
could be extended to 3.1 z0. Peak intensity is determined after considering 
Fresnel reflection on the cuvette-air surface (R=0.0387). 3PA coefficient (γ ) 
and 2PA coefficient ( β ) can be determined by fitting the trances of 
experiment data from Equation 3.3.8 and 3.3.14. Then 2PA and 3PA cross 
section can be obtained form Equation 1.4.3 and 1.4.5. The blue symbols 
denote the experiment data, while the solid red lines represent the theoretical 
curves corresponding least-squares-fits with a best-fit parameter of β0.017 
cm/GW, γ2.0210-5cm3/GW2 for p-ETBN and β0.0085cm/GW, γ
1.63105cm3/GW2 for m-ETBN. The determined 3PA cross-sections are 
(1.7±0.7)×10-79 cm6s2photon-2 and (1.2±0.5)×10-79 cm6s2photon-2 respectively 
for p-ETBN and m-ETBN with the concentration of 5.4mM (at 1200nm) and 
7.2mM (at 1110nm) respectively, and 2PA cross-sections are (260±50) GM in 
p-ETBN and (100±20) GM in m-ETBN. Then quantum yields are computed to 
be 8.0% (p-ETBN) and 5.5% (m-ETBN) at 800nm. These 3PA cross-section 
values can be comparable with values measured by 3PE PL measurements if 
we take quantum yields and experimental errors into account. 
To obtain MPA cross-section value, it is necessary to use high 
irradiances (in general of the order of GW/cm2) during our experiment. Some 
spurious effects can occur during the measurements, for example, nonlinear 
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scattering and excited state absorption [4.21]. Therefore, to confirm MPA 
nature of the experimental results and to illustrate the quality of the fitting to 
our data, we plotted the natural logarithm operation on absorption (1-TOA) 
(where TOA is the open-aperture transmittance) as a function of the maximum 
laser intensity (I0) on the z-axis in Figure 4.3.3 and s is the fitting straight-line 
slop. The slop of s was indicative of the presence of pure (s+1)-photon 
absorption processes [4.30]. It is worthwhile to note that 2PA cross-section of 
p-ETBN is about three times larger than in m-ETBN at 800nm, which have the 
same D, A and π-conjugating units but different molecular configurations. 
These nonlinear results are consistent with the linear absorption measurements 
(Table 4.1), which both reveal that ICT abilities in p-ETBN are stronger than 
in m-ETBN. Accordingly, effects of positional isomerism play a crucial role in 
the realization of large enhancement of 2PA cross-sections. 
Figure 4.3.3!The plot of Ln(1-TOA) vs. Ln(I0). (a) p-ETBN at 800nm. (b) m-
ETBN at 800nm. (c) p-ETBN at 1200nm. (d) m-ETBN at 1110nm. 
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Finally, consistent with the previous reports [4.31, 4.32], 2PA cross-
sections at 800nm increase in a consistent trend, as the solution concentration 
is decreased from 10-2M to 10-3M as shown in Table 4.5. Such concentration 
dependence has been primarily attributed to molecule aggregation, though 
other more complicated factors contributing to this dependence cannot be 
ruled out entirely. 
4.3.2 Closed Aperture (CA) Z-scan 
Nonlinear refractive index was determined via CA z-scan measurement. 
For investigating the nature of the observed nonlinear refractive index further, 
CA z-scans in pure THF were also employed at room temperature to make a 
comparison. The excitation wavelength extended from 740nm to 2000nm. In 
order to observe the obvious peak-valley signal in CA z-scan figures, different 
sample concentration, length and excitation intensity were selected during the 
experiment. The experimental conditions and results were summarized in 
Table 4.3. The influences from the sample length (Leff) and excitation intensity 
(I00) have been subtracted in determining n2 according to Equation 3.3.21. 
Figure 4.3.4 shows CA z-scan results at 800nm (a) and 2000nm (b). 
To evaluate the refractive nonlinearity of the solute, we assumed a 
solution of non-interaction particles. Moreover, the effective refractive index 
of solute organic molecules (p-ETBN and m-ETBN) is given by the equation 
[4.32]: n2,solution = (1− f )n2,solvent + fn2,solute , where f is the dilute solution 
containing a mole fraction of solute, and n2,solvent  and n2,solute are the nonlinear 
refractive indices of solvent (pure THF) and solute, respectively. However, 
due to the influence of experiment uncertainty errors, we cannot determine the 
accurate values of n2 in solution and solvent. As a result, the intrinsic 
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nonlinear refractive indices, n2,solute , independent of concentration, cannot be 
determined accurately from our CA z-scan results. Since the new organic 
samples should be dissolved in common solvent, and n2,solution  has been paid 
more attention on experiments and practical situations, our results still provide 
an opportunity for the real part of third-order nonlinear optical susceptibility 
χ(3) in practical nonlinear applications. 
CA z-scan experiments in femtosecond region confirmed that they 
exhibited positive nonlinearity at small absorbance and negative nonlinearity 
at large absorbance. And this effect results from the solvent itself since THF 
and sample-solutions show the same trend.  Since! absorbance A(λ) = α0 • l2.303 , 
although α0  is small at 1200nm and 2000nm (measured in Figure 4.1.2), 
absorbance is not the negligible parameter in 1cm sample length. As a result, 
negative n2 can be observed in these two wavelengths under experimental 
conditions. However, when sample transmittance is above 95%, absorbance is 
a negligible parameter even in 1cm sample length and positive n2 is observed. 
Since physical mechanisms of nonlinear refraction are much more 
complicated, it is plausible that similar mechanisms may also be responsible 
for the optical absorption in semiconductors, leading to negative nonlinear 
refractive index values [4.26]. Our results indicate that the solvent plays an 
important role in determining nonlinear refractive index at the same time. 
Besides, in the experiment, we find that the measured n2 values were also 
independent of the irradiance by analyzing the results of closed-aperture z-
scans from 50 to 250GW/cm2, which rules out the occurrence of higher-order 




Figure 4.3.4   CA z-scan at 800nm in 1mm length (a) and 2000nm in 1cm length (b). 
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Table 4.3 Z-scan experimental conditions (a) and results (b) summary 
< a > 
Wavelength Pure THF p-ETBN-THF m-ETBN-THF 
740nm, 800nm, 
840nm 1mm 2.7mM in 1mm 3.6mM in 1mm 
1110nm 1cm  7.2mM in 1cm 
1200nm 1cm 5.4mM in 1cm  
1550nm 1cm 0.01M in 1cm 0.01M in 1cm 
2000nm 1cm 0.01M in 1cm 0.01M in 1cm 
< b > * 
 THF (No MPA observed) p-ETBN-THF m-ETBN-THF 
 a0 n2 MPA coefficient n2 
MPA 
coefficient n2 
740nm 0.05 4.50.9 0.0080.001 (cm/GW) 82 
0.0150.003 
(cm/GW) 61 
800nm 0.04 4.60.9 0.0170.003 
(cm/GW) 
62 0. 0090.002 
(cm/GW) 
71 
840nm 0.03 51 0.0120.002 (cm/GW) 61 
0. 0050.001 
(cm/GW) 61 
1110nm 0.033 1.40.3 − − (1.60.7)10-5  cm3/GW2 2.0 0.4 
1200nm 0.83 − (153) (2.00.8)10
-5 
cm3/GW2 − (102) − − 
1550nm 0.095 − − 1.40.4 − 0.60.1 
2000nm 1.77 −  (245) − − (185) − − (185) 
• a0  (unit: cm-1);  n2  (unit: 10-7cm2/GW) 
 
4.4 Transient Dynamic Characterization Measurement 
Time-resolved data from the solutions at room temperature were 
obtained using a femtosecond pump-probe technique as well as time correlated 




Figure 4.4.1 (a) Fluorescence decay curves of two samples; (b) Pump-probe 
measurement in p-ETBN. 
One-and two-photon induced fluorescence decay curves measured at 
peak fluorescence wavelength are shown in Figure 4.4.1(a). All these 
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normalized decay curves can be well fitted by the mono-exponential formula. 
Based on the values listed in this Figure, the following two conclusions can be 
drawn: (i) for a given sample, the mono-exponential decay constants remain 
the same (within our experimental uncertainty: 5%10%) under 1PE and 
2PE; and (ii) our fluorophores show the fast decay process with a decay 
constant in 1ns, which is consistent with the previous fluorescence lifetime 
in organic dyes [4.5,4.33,4.34]. 1ns is commonly too short for efficient 
temporal discrimination of short-lived fluorescence interference from scattered 
excitation light. However, the typically mono-exponential decay kinetics 
enables straightforward dye identification from measurements of fluorescence 
lifetimes. Significantly, our mono-exponential and fast decay times measured 
at a single excitation and single emission wavelength enable our octupolar 
fluorophores more suitable for applications involving lifetime multiplexing, as 
well as combined spectral and lifetime discrimination [4.5]. For additional 
verification of the fluorescence lifetimes, femtosecond degenerate pump-probe 
measurements at 800 nm were performed. Figure 4.4.1(b) shows pump-probe 
results in p-ETBN. Besides, fluorescence lifetimes were calculated by 
Equation 1.5.1, which were based on the linear experimental results in Figure 
4.1.1(a). As can be seen in Table 4.4, both methods agree reasonably well with 
each other.  
Table 4.4 Transient dynamic characterization Results 







p-ETBN(THF) 1.360.07 1.400.07 1.50.3 1.00.3 




Finally, 3PA action cross section obtained in this work, along with the 
reported values in other fluorescent probes employing femtosecond 1300nm 
window excitation pulses and blue emission photoluminescence, are 
summarized in Table 4.5. 
As we mentioned earlier, although 2PA have been extensively 
investigated in organic molecules, a handful of reports are available on the 
study for three-photon absorption (3PA) properties in 1300nm window, 
especially in molecules exhibiting three-photon excited blue fluorescence. 
Table 4.5 clearly shows that our results are 1-2 orders of magnitude higher 
than TFA-CH2Cl2 and in the same order of TFA01-CH2Cl2 [4.35]. And 3PA 
action cross sections are only reported in single wavelength in the literature 
[4.36-4.38], no 3PA spectra information is provided in these reports. Although 
higher 3PA action cross-sections near 1300nm have been reported in the 
previous reports (10-76-10-77cm6s2photon-2) [4.24, 4.36-4.39], 3PE induced 
blue PL properties of star-shaped molecules were only reported by Guo, L., et 
al [4.24]. However, their 2PA peaks are far away from 800nm, which limits 
their practical bio-imaging applications. The types of molecules in Reference 
4.35-4.39 are dipolar and quadrupolar structures and their results show that 
NLO effects increased parabolically with the conjugation length and 
molecular weight. When sample has short conjugation length and small 
molecular weight, 2PA (10GM) and 3PA (10-80 cm6s2photon-2) cross sections 
can be comparable with our samples since our samples contain small 
molecular weight (1122 g/mol). The star-shaped molecules in Reference 4.24 
have large molecular weights as well as complicated individual arm structures. 
Accordingly, we can make a simple conclusion that our sample 2PA (100GM) 
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and 3PA (10-79 cm6s2photon-2) cross-section values result mainly from the 
short conjugation length in individual arms and small molecular weight. 
Besides, we suppose that solvent effects may play a role in the determination 
of MPA cross sections in organic materials.  
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Table 4.5 Sample, solvent, linear and nonlinear properties  
Sample Solvent λabs (nm)  λem (nm) 
η  
σ 2 (GM )  
( λex (nm)) 
σ 3 (10
-80 cm6s2photon-2)) 
( λex (nm)) 
ησ 3  
(10-80 cm6s2photon-2)) 
p-ETBN THF 400 474 0.080 260(@800,2.7mM) 160(@800,14mM) 17   (1200) 
1.2 
m-ETBN THF 370 446 0.055 100(@800,3.6mM) 60 (@800,10mM) 12   (1110) 
0.55 
TFA [4.35] CH2Cl2 373 416 0.47  0.21 (1190) 0.0987 
TFA01 [4.35] CH2Cl2 406 428 0.43  1.1  (1218) 0.473 
p-PhN-OF(2)-TAZ[4.36] Toluene 375 423 0.89 45 (800) 1.82  (1300) 1.6198 
p-PhN-OF(3)-TAZ[4.36] Toluene 376 423 0.86 57 (800) 26.6 (1300) 22.876 
p-PhN-OF(4)-TAZ[4.36] Toluene 378 422 0.89 57 (800) 248 (1300) 220.72 
p-Ph2N-OF(5)-TAZ [4.37] Toluene 378 421 0.95  52.7 (1340) 50.065 
p-Ph2N-OF(6)-TAZ[4.37] Toluene 379 420 0.99  13.8  (1340) 13.662 
p-Ph2N-OFOT-TAZ[4.37] Toluene 397 452 0.61  966  (1340) 589.26 
p-Ph2N-OFOTOF-TAZ[4.37] Toluene 403 454 0.67  235 (1340) 157.45 
p-Ph2N-OFOT(2)OF-TAZ 
[4.37] Toluene 415 483 0.40  203  (1340) 
81.2 
PhN-OF(2)-NPh [4.38] Toluene 382 417 0.95  1500 (1300) 1425 
PhN-OF(3)-NPh [4.38] Toluene 385 423 0.99  1200 (1300) 1188 
PhN-OF(4)-NPh [4.38] Toluene 385 422 0.97  2350 (1300) 2279.5 
PhN-OF(5)-NPh [4.38] Toluene 385 420 0.94  2210 (1300) 2077.4 
PhN-OF(1)-TAZ-OF(1)-NPh 





[4.38] Toluene 378 423 0.87  2280 (1300) 
1983.6 
PhN-OF(3)-TAZ-OF(3)-NPh 
[4.38] Toluene 377 422 0.88  2610 (1300) 
2296.8 
PhN-OF(4)-TAZ-OF(4)-NPh 
[4.38] Toluene 376 421 0.91  2720 (1300) 
2475.2 
(L)-Ph(3)-NPh [4.39] Toluene 405 417,443 0.85 59.6 (810) 2020 (1230) 1717 
(L)-Ph(4)-NPh [4.39] Toluene 420 431,459 0.86 220.9 (840) 7230 (1250) 6217.8 
(L)-Ph(5)-NPh[4.39] Toluene 431 440,469 0.84 570.6 (850) 22410 (1300) 18824.4 
(L)-Ph(6)-NPh [4.39] Toluene 437 446,475 0.92 782.9 (840) 34300 (1310) 31556 
(L)-Ph(7)-NPh[4.39] Toluene 442 449,478 0.90 1045.6 (880) 45630 (1330) 41067 
N(TL)-Ph(3)-NPh [4.24] Toluene 429 443 0.86 2579 (700) 24500 (1270) 21070 
N(TL)-Ph(3)-TAZ [4.24] Toluene 429 450 0.84 1620 (700) 33500  (1270) 28140 
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Chapter 5  
Summary and Outlook 
The nonlinearity of octupolar molecules draws enormous attention. The 
main goal of presented research in this dissertation is to explore the nonlinear 
properties in two novel octupolar star-shaped isomers of p-ETBN and m-
ETBN and examine the effect of positional isomerism. The main results 
detailed in the previous chapters will be summarized in this chapter. What’s 
more, two suggestions for future work are proposed as well. 
5.1 Summary and Results 
In summary, to achieve effective 3PE induced blue PL in 1300nm 
window for deep-tissue imaging, we have designed and synthesized two novel 
octupolar isomers of star-shaped molecules of p-ETBN and m-ETBN, 
including three benzimidazole electron-accepting (A) branches and a 
triphenylamine electron-donating (D) center. Attractively, both of them have 
the same D, A and π-conjugating units with only the different molecular 
configuration. p-ETBN is para-position substituent and m-ETBN is meta-
position substituent. Their linear and nonlinear properties were investigated 
systematically by ultraviolet-visible-infrared absorption spectroscopy, steady-
state fluorescence spectroscopy, OA and CA z-scan and upconversion 
photoluminescence (PL) measurements. Fluorescence lifetimes in 
Tetrahydrofuran (THF) solutions at room temperature were also determined 
using a femtosecond pump-probe technique as well as time correlated single 
photon counting (TCSPC, PicoHarp 300) technique under one- and two-
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photon excitation. Furthermore, in order to better understand the nonlinear 
optical response of the fluorophores and associate them with molecular 
parameters, we used the simplest sum-over-essential-states (SOS) approach to 
analysis and interpret 3PA and 2PA cross-section spectra, considering a 
change of permanent dipole moment (dipolar contribution only). 
As discussed in Chapter 4, multi-photon absorption and multi-photon-
excited blue photoluminescence (PL) of p-ETBN and m-ETBN in THF have 
been unambiguously determined by OA z-scan and PL measurements with 
femtosecond laser pulses operating in 1kHz repetition rate. The maximum 
value of 3PA action cross sections are (1.2±0.4)×10-80cm6s2photon-2 at 
1200nm in p-ETBN and (0.6±0.2)×10-80 cm6s2photon-2 at 1110nm in m-ETBN, 
which can be comparable with other blue emission biological probes excited 
in 1300nm window in the literature. Besides, the highest 2PA cross-section 
(260±50) GM was obtained in p-ETBN at 800nm excitation. We have 
experimentally demonstrated that changing the relative position of the 
donating center and acceptor substituents is a particularly useful strategy for 
enhancing MPA cross-section in octupolar star-shaped molecules and shifting 
the absorption and emission maxima to longer wavelength. Most importantly, 
our results indicate that 2PA action cross-section peak is exactly located at 
800nm and 3PA action cross-section peak is at 1200nm in p-ETBN. After 
qualitatively comparing 2PE and 3PE properties, we have demonstrated that p-
ETBN fluorophore has great potential for 3PA-based deep-tissue imaging at 
the window around 1300 nm.  
Nonlinear refractive index has been determined from CA femtosecond 
z-scan measurements. Both positive and negative nonlinear refraction index in 
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solutions were obtained at distinct excitation wavelength of 740nm, 800nm, 
840nm, 1110nm, 1200nm, 1550nm and 2000nm and it is plausible that optical 
linear absorption of pure solvent leads to negative nonlinear refractive index 
values. The nonlinear refractive index n2 determined in THF solution were in 
the order between 10-6cm2/GW and 10-7cm2/GW. In Chapter 4.4, fluorescence 
lifetimes were experimentally measured by TCSPC at 400nm and 800nm as 
well as pump-probe technique at 800nm. Besides, fluorescence lifetimes were 
theoretically calculated by Strickler-Berg’s equation, based on UV-Vis 
absorption and fluorescence spectra.  For both two samples, the mono-
exponential decay constants remained the same (within our experimental 
uncertainty) under 1PE and 2PE and showed the fast decay process with a 
decay constant in about 1ns, which consistent with the previous fluorescence 
lifetimes in organic dyes. With multi-photon excitation properties and 
effective blue photoluminescence, larger anti-Stokes shifts, mono-exponential 
decay constants, and broadband multi-photon excitation response, both novel 
isomers appear to be promising blue fluorescing biological labels for non-
invasive, high-resolution, full-color, in vivo imaging using multi-photon 
fluorescence microscopy.  
5.2 Suggestions for Future Work 
There exist several meaningful directions for further work in the areas 
of the investigation presented in this dissertation. 
One interesting avenue of future work is to investigate the molecular 
structure-optical property relationships for a series of octupolar star-shaped 
molecules. In this thesis, the electron-accepting group is benzimidazole and 
electron-donating center is restricted to be triphenylamine. However, multi-
Chapter 5 !
! 111 
photon absorption properties are strongly dependent on the electronic coupling 
between the individual arms, as well as on the intramolecular charge transfer 
(ICT) between electron-donor and acceptor groups. Therefore, experimental 
investigation of this dependence is of crucial importance for the real practical 
applications of this kind structure type of molecules.  
Another direct possible extension of the work would be to perform the 
detailed theoretical calculation of 2PA and 3PA cross-sections based on the 
real energy levels of the samples and quantum chemistry computations should 
be carried to determine the electronic transition data including transition 
electric dipole moments in vector space, oscillator strengths and excitation 
energies. Previous theoretical calculations of MPA cross-section and transition 
dipole moment are mainly based on a simplified two-level system. The 
extension of these theoretical computation methods to the isolated molecular 
system will provide more useful and insightful understanding of the multi-
photon absorption and nonlinear refractive index. 
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